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Abstract

This thesis presents the measurement of the charged current quasi-elastic

(CCQE) neutrino-nucleon cross section at neutrino energies around 1 GeV.

This measurement has two main physical motivations. On one hand, the

neutrino-nucleon interactions at few GeV is a region where existing old data are

sparse and with low statistics. The current measurement populates low energy

regions with higher statistics and precision than previous experiments. On the

other hand, the CCQE interaction is the most useful interaction in neutrino

oscillation experiments. The CCQE channel is used to measure the initial and

final neutrino fluxes in order to determine the neutrino fraction that disappeared.

The neutrino oscillation experiments work at low neutrino energies, so precise

measurement of CCQE interactions are essential for flux measurements.

The main goal of this thesis is to measure the CCQE absolute neutrino cross

section from the SciBooNE data. The SciBar Booster Neutrino Experiment

(SciBooNE) is a neutrino and anti-neutrino scattering off experiment. The neutrino

energy spectrum works at energies around 1 GeV. SciBooNE was running from June

8th 2007 to August 18th 2008. In that period, the experiment collected a total of

2.65 × 1020 protons on target (POT). This thesis has used full data collection in

neutrino mode 0.99 × 1020 POT.

A CCQE selection cut has been performed, achieving around 70% pure CCQE

sample. A fit method has been exclusively developed to determine the absolute

CCQE cross section, presenting results in a neutrino energy range from 0.2 to

2 GeV. The results are compatible with the NEUT predictions. The SciBooNE

measurement has been compared with both Carbon (MiniBoonE) and deuterium

(ANL and BNL) target experiments, showing a good agreement in both cases.
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1

Chapter 1

Neutrino Physics

This chapter is dedicated to the neutrino physics. The first section is a brief

cronology of the main hits of the neutrino in the history. The neutrino properties

are detailed in the second section. The third section describes the neutrino

oscillation model. The last sections are dedicated to the weak interactions.

1.1 Introduction

The neutrino ”was born” in the year 1930, when W. Pauli attempted to explain the

continuous spectrum of the beta-decay particles through ”a way out for saving the

law of conservation of energy” [1]. Twenty six years later, the neutrino particle was

detected by the first time in the Cowan and Reines experiment[2]. The Cowan and

Reines experiment detected neutrinos coming from a nuclear reactor (the Savannah

River nuclear reactor at South Carolina, EEUU).

In 1962, the BNL laboratory prepared the first experiment with neutrinos

produced in an accelerator. The neutrino beam was generated through pion decays

produced by interactions of accelerated protons with a target. The experiment

proved the existente of two kind of neutrinos [3](νµ and νe).

At the end of the sixties (1968), the experiment of R. Davis Jr.[4], that measured

the solar neutrino flux, shown a solar neutrino deficit compared with the theoretical

predictions. The neutrino oscillation model[] demostrated to be the best candidate

to explain such results. In the next 30 years, many other neutrino experiments

[5, 6, 7] not only have confirmed the Davis results but also have validated the
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neutrino oscillation model.

1.2 Neutrino Properties

The current standard model of the particle physics classifies the fundamental

components of the matter in the quark and the lepton sectors (see 1.1). Both

may be divided in three families: u and d quarks and νe and e leptons to the

first family; c,d, νµ and µ to the second family; t, b,ντ and τ to the third family.

Each lepton family has assigned a different conserved lepton number, identified as

electron, muon and tau flavours. Then, the neutrinos are characterized by a flavour

type.

The components of matter are fermions with spin 1/2. However, the force

carriers (photons, gluons, Z0 and W±) are bossons with spin 1. Although the

figure 1.1 only shows the matter components, the anti-matter follows the same

classification.

Figure 1.1: The basic elements of the Standard Model, quarks, leptons and force
carries (green block).

The neutrinos are only affected by the weak interactions, responsibles of the

beta decay prosesses. The neutrino weak interactions are not invariant under

spatial inversion symmetry, i.e. do not conserve parity[8].
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The Standard Model considers the neutrino as a massless particle. In such an

assumption, the electroweak theory[9, 10, 11] was developed. However, several

neutrino experiments, based on neutrino flux measurements from the sun [5],

the atmosphere[6], nuclear reactors[12] and accelerators[7], has shown evidence

of neutrino oscillation. This phenomena can only occur when the neutrino has

mass and the masses of the neutrinos are different. Theories beyond the standard

model, like the neutrino oscillation model, has been incorported to include neutrino

masses.

The neutrino oscillation experiments can only measure differences of squared

neutrino masses. An absolute value of the neutrino mass requires complementary

techniques. A common technique consists in to measure the endpoint region of

the β-spectrum from Tritium decay, which is expected to be shifted for massive

neutrinos. The results of this technique have reported upper limits[13], with

indications that neutrino masses are orders of magnitud smaller than the rest of

the fundamental particles (see mass scale 1.2).

Another technique to measure the absolute neutrino mass is based on the

search of double beta decay (0νββ) processes. The neutrino mass in these cases is

proportional to the decay rate. However, this process can only be observed if the

neutrino behaves as a Majorana particle, i.e., the neutrino and anti-neutrino are

the same paritcle. Up to now, experiments using this technique [14] has not shown

indications of 0νββ.

Figure 1.2: Mass scale of the fundamental particles[15].

1.2.1 Neutrino oscillation

The neutrino oscillation is closely related with the non-zero neutrino mass. This

fact requires a theoretical description beyond the Standard Model. The neutrino
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oscillation model is a minimal extension of the Standard Model. In this model,

the neutrinos produced by the weak interactions, so-called weak eigenstates, are

not states of definite mass but a linear superposition of mass eigenstates. Such a

relation is usually given by a mixing matrix. Assuming only two neutrino species,

the neutrino mixing equation can be expressed as follows:

(

να

νβ

)

=

(

cos θ sin θ

− sin θ cos θ

)(

ν1

ν2

)

(1.1)

where (να, νβ) and (ν1, ν2) correspond to the weak and the mass eigenstates.

The α and β represent the neutrino flavours and m1 and m2 the mass eigenvalues

associated to the mass eigenstates. θ is the neutrino mixing angle.

Taking now the relation (1.1), a weak eigenstate (να) produced in the instant

time t=0 can be represented as follows:

να(t = 0) = sinθ|ν1 > +cosθ|ν2 > . (1.2)

However, in an instant time t 6= 0, each mass eigenstate propagates with a

distinct phase factor. Then, the equation (1.2) results,

να(t) = |ν1 > sinθe−iE1t−px + |ν2 > cosθe−iE2t−px, (1.3)

where E1,2 are the energies of the mass eigenstates with momentum p. In the

extreme relativistic approximation for tiny neutrino masses (m << p),

E1,2 ≈ p+
m2

1,2

2p
, (1.4)

the equation (1.3) is simplified in the way:

να(t) = |ν1 > cosθe−
im2

1
L

2E + |ν2 > sinθe−
im2

2
L

2E , (1.5)

where here E=p and L is the distance from the neutrino production to the neutrino

detection. Hence, after a propagation distance L, the probability of finding out a

different neutrino flavour results:

P (να → νβ, t) = | < νbeta|να(t) > |2 = sin22θsin2
∆m2L

4E
, (1.6)

where ∆m2 = m2
2 −m2

1 is the square of difference of mass.
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1.3 The weak interactions

Since the Pauli prediction of the neutrino, this particle has played an important

role in the knowledge of the weak interacttions. Fermi was the first including the

neutrino particle to describe the β-decay process. The most important prediction

of the electroweak theroy, the neutral currents, where discovered with neutrino

interactions at the Gargamelle bubble chamber experiment [16]. The following two

subsections present a brief historial introduction to the weak interactions, from the

Fermi theory to the most recent electroweak interactions.

1.3.1 Nuclear β-decay: The Fermi theory

The Fermi theory, published by E. Fermi in 1934[17], describes the beta decay

process as the change of the neutron into a proton with the production of two

additional particles, an electron and the particle postuled by Pauli, the neutrino.

The reactions can be written as follows:

n→ p+ e− + ν̄e. (1.7)

The beta decay process can be treated as a transition probability, expressed by

the Fermi’s Golden Rule as follows:

λif =
2π

~
|Mif |2ρf , (1.8)

where Mif represents the transition amplitude and ρf the density of the final

states. The density of final states can be determined by the number of ways it is

possible to share out the available energy (E0 → E0 +dE0) between the final states

(p, e and ν).

The transition amplitude (M) includes the interaction occurred in the

process. Fermi formulated the weak interaction in analogy to the electromagnetic

interactions, descrbied by the Quantum electrodynamics (QCD) theory. So in

order to understand the Fermi theory, let’s start first with the electromagnetic

case. Consider the process of electromagnetic scattering given by the following

reaction:

e+ p→ e+ p. (1.9)
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In such a reaction, the interaction is described as the interaction of two currents,

a leptonic (Jleptonic) and a barionic (Jbarion) current, via ex-change of a virtual

photon. The invariant amplitude (M) is then expressed as follows [18]:

M =
e2

q2
Jbarion × Jlepton, (1.10)

where e is the electron charge and q the momentum transfer. The electromagnetic

currents are expressed in terms of relativistic fermions. The nucleons (protons

and neutrons) are considered structureless Dirac particles, matemaically described

by two-component spinors (ψ) operated by a 4 × 4 matrix operator (Θ). In the

electromagnetic case, the involved vector operator is defined in terms of γ matrices,

Θem = γ4γµ. Thus, the currents can be expressed as follows:

Jlepton = ψ⋆
eΘemψe = ψ⋆

eγ4γµψe = ψ̄eγµψe (1.11)

Jbarion = ψ̄pγµψp, (1.12)

where ψ̄ = ψ⋆γ4. The γ’s correspond to 4 × 4 matrices represented as follows:

γk =

(

0 −iσk

iσk 0

)

, k = 1, 2, 3. (1.13)

γ4 =

(

I 0

0 −I

)

, (1.14)

where I and σk represent the 2 × 2 identity and Pauli matrices, respectively.

The invariant amplitud from equation (1.10) can be then reformulated as

follows:

M =
e2

q2
(ψ̄pγµψp)(ψ̄eγ

µψe), (1.15)

where expressions for leptonic and barionic current (1.12) have been included. At

this point and by analogy with the expression 1.15, the invariant amplitud for

beta-decay processes can be formulated as follows:

M = GF · Jweak
barion · Jweak

lepton = GF (ψpγµψn)(ψeγ
µψν), (1.16)

where the beta-decay reaction (1.7) has been re-written in the form n+ν → p+e. In

this case, GF corresponds with the weak coupling constant (the Fermi constant).
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Two important attributes can be remarked from equation (1.16). First, all the

fields are evaluated at the same point in space time i.e., there is no 1/q2 factor.

The weak interaction in the Fermi theory is treated as short range or point-like

interaction. Second, the electric charges of the lepton and baryion currents change

by one unit in the interaction, something that does not happen in electromagnetic

interactions. For such a reason, the β-decay is referred as charge-changing weak

interaction.

In 1956, Lee and Yang predicted that weak interactions do not conserve

parity[8]. One year later, the predictions were confirmed in an experiment carried

out by Madame Wu[19]. The parity violation property was later included in the

Fermi theory such that, the expression (1.16) is finally written as follows:

M =
GF√

2
(ψpγµ(1 − gAγ5)ψn)(ψeγ

µ(1 + γ5)ψν), (1.17)

where γ5 = γ1γ2γ3γ4 and gA = −1.26[20] for neutron decay.

The Fermi theory has represented a significant progress in describing charged

current weak interactions. However, mathematical difficulties prevent this from

being a complete theory. It was in the 1960’s when an elegant unification of the

electromagnetic an weak forces came out through the language of the group theory.

1.3.2 Toward the electroweak unification

The weak interaction based on the four-fermion Fermi model presents divergences

when is applied to high energies. Several authors, like Yukawa[21], proposed a

boson-exchange model to explain the charge-changing weak interactions. In this

model, the weak interaction is mediated by the boson W. The boson introduces

a propagator term 1/(q2 + m2) that reduces the divergences, although quadratic

divergences still appears. The boson-exchange model leads to the Fermi point-like

interaction at the limit of low momentum transfer (q2), fig. 1.3.

The W bosson introduces itself divergencies, like the process e+e− → W+W−,

with a photon mediating the interaction. The divergence can be canceled

by introducing ad hoc a neutral boson Z0 (Glashow). In that case, the Z0

coupling constant should be similar to the electromagnetic coupling constant. This

discussion form part of the so-called electroweak theory, the unification theory

of the weak and the electromagnetic interactions. The electroweak theory was
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Figure 1.3: Left hand diagram represents a Feynman diagram showing the
propagator of the interaction (1/(q2 − m2)), with q2 and m representing the
momentum transfer and the mass of the propagator bosson, respectively. In the
case of low momentum transfer (q2 << m2), the diagram transforms in a point-like
interaction described by the Fermi theory.

developed in 1967-1968 by Weinberg, Salam and Glashow[9, 10, 11]. Citing to

Steven Weinberg[9]:

”Leptons interact only with photons, and with intermediate bosons that

presumably mediate weak interactions. What could be more natural than to

unite these spin-one bosons into a multiple of gauge fields.......We migh hope to

understant these differences (between the boson masses and their coupling) by

imagining that the symmetries relating the weak an electromagnetic interactions

are exact symmetries of the Lagrangian but are broken by the vacuum.”

The electroweak theory makes important predictions like the existence of the

weak neutral currents and the masses of the heavy bossons W± and Z0.

The electroweak theroy is a gauge theory based on the symmetry group SU(2) of

”weak isospin” and U(1) of ”weak hypercharge”. The fundamental vector bossons,

responsible of the interaction, are expressed by the massless isovector triplet Wµ =

(W 1
µ ,W

2
µ ,W

3
µ) from SU(2) and a massless isosinglet Bµ from U(1), so-called weak

eigenstates. As a result of spontaneous symmetry breaking, three bosons, denoted

byW±
µ and Z0

µ, acquire mass (so-called mass eigenstates), and one, theAµ identified

as the photon, remains massless. The mass and weak eigenstates are related by a

mixing matrix, as is discussed below.

The lagrangian associated to the electroweak interaction consists of an isotriple

of vector fields (W i
µ) coupled with strength g to the weak isospin current J i

µ,

together with a single vector field Bµ coupled to the weak hypercharged current

JY
µ with strength g’. The expression is matematically expressed as follows:



1.3. The weak interactions 9

L = g(J i)µ ·Wµ + g′(JY )µBµ, (1.18)

defining the weak hypercharge as Y= Q - I3, with Q the electric charge and I3 the

third component of weak isospin. The hypercharge current is then written in the

form

JY
µ = Je.m.

µ + J3

µ, (1.19)

where Je.m.
µ is the electromagnetic current and J3

µ the third component of isospin

current Jµ. The charged (W±) and neutral (Zµ, Aµ) mass eigenstates bossons

are related with the weak eigenstates (Wµ and Bµ) by the following linear

combinations:

W± =
1√
2
(W 1

µ ± iW 2

µ), (1.20)

W 3

µ =
gZµ + g′Aµ
√

g2 + g′2
(1.21)

Bµ =
−g′Zµ + gAµ
√

g2 + g′2
(1.22)

Hence, the expression 1.18 can be written, in terms of the mass eigenstate

bossons, as follows:

L = g(J1

µW
1

µ + J2

µW
2

µ) + g(J3

µW
3

µ) + g′(Je.m
µ + J3

µ)Bµ

= g/
√

2(J−
µ W

+

µ + J+

µ W
−
µ ) + J3

µ(gW 3

µ + g′Bµ) + Je.m
µ g′Bµ,

where J±
µ = J1

µ + iJ2
µ. Inserting the expressions for W 3

µ and Bµ from 1.22 and

setting

g′/g = tanθW , (1.23)

where θW is the weak mixing angle (Weinberg angle), the lagrangian of the

electroweak interactions is finally expressed in the form:
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L =
g√
2
(J−

µ W
+

µ + J+

µ W
−
µ )

︸ ︷︷ ︸

weak charge current

+
g

cosθW

(J3

µ − sin2θwJ
e.m
µ )Zµ

︸ ︷︷ ︸

weak neutral currents

+ gsinθWJ
e.m.
µ Aµ

︸ ︷︷ ︸

e.m. current

.

(1.24)

The lagrangian of the electroweak interactions is the sum of three terms,

each one representing the weak charge current, the weak neutral current and the

electromagnetic neutral current, respectively. From the last term, we know that

the coupling constant must be the electric charged, so e = gsinθW .
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Chapter 2

Neutrino-Nucleon scattering

2.1 Inclusive cross section

The neutrino-nucleon interactions are described by the following reactions:

ν(ν̄) +N → l−(l+) +X, (2.1)

and,

ν(ν̄) +N → ν(ν̄) +X, (2.2)

where l± represents an arbritary lepton and N and X the initial and final nucleons.

These reactions are characterized by producing a lepton or a neutrino in the

final states, defined as charged and neutral current interactions respectively. The

reactions 2.1 and 2.2 can be represented by a Feynman diagram as figure 2.1 shows.

The differential cross section for neutrino-nucleon scattering is calculated as

follows (see appendix B):

dσ

dQ2
=

1

64π2m2
NE

2
ν

|M|2, (2.3)

where Q2 is de momentum transfer defined as

Q2 = 2Eν − 2|k|k′|cosθ −ml, (2.4)

where mN is the nucleon mass, Eν the incident neutrino energy and |M| is called

the invariant amplitude. Then, for a given incident neutrino energy (Eν), the total

cross section is just the integral over the Q2,
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q

k k′

N X

νl l, νl

p p′

Figure 2.1: Feynman diagram of a neutrino-nucleon interaction. The (k,p) and
(k’,p’) represents the initial and final momenta of the particles and q corresponds
to the momentum transfer.

σ(Eν) =

∫ Q2
max

Q2

min

σdQ2, (2.5)

where Q2 runs in the range of

Q2

min = −ml + 2Eν(El − |k′|) (2.6)

Q2

max = −ml + 2Eν(El + |k′|), (2.7)

being El the lepton energy. At this point, the invariant amplitude is the only

unspecified factor to determine the cross section. Such a quantity can be evaluated

using the Feynman rules[22] for the quantum field theory. According to these rules,

the invariant amplitude can be expressed as the product of interaction fields, the

coupling vertexes and the propagator (see figure 2.2).

The fermionic fields (ν, l±) are represented by Dirac spinors (ūl, uν). The

hadronic current is, at the moment, denoted by the following expression:

< X(p′)|Jβ|N(p) > . (2.8)
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−i(gαβ−qαqβ/M2
A)

q2−M2
A

W,Z

νl l

−i g

2
√

2γα
(1 − γ5)

νl l

−i g

2
√

2γα
(1 − γ5)

−ig
cosθW

γα
1
2(1 − γ5)

νl νl

Figure 2.2: Feynman rules for the weak interactions. Top diagrams represent,
reading from left to right, the coupling vertexes for the charged and neutral
interactions. The botton diagram corresponds to the virtual propagator (with
A representing the W±, Z0

With all these ingredients, the invariant amplitude for a charged current weak

interaction results of the form:

M = (
g

2
√

2
)2ūl(k

′)γα(1 − γ5)uν(k)
−i(gαβ − qαqβ/M2

W )

q2 −M2
W

< X(p′)|Jβ|N(p) > .

(2.9)

In analogous way, the neutral weak interactions can be extracted (using the

neutral coupling term and changing MW → MZ in the propagator expression).

For simplicity, only the equation (2.9) is developed here.

The equation 2.9 can be simplified if a low momentum transfer (|q2| << M2
W )

is assumed. In this case, the propagator takes the form:

−i(gαβ − qαqβ/Mw
W )

q2 −M2
W

→ −igαβ

M2
W

, (2.10)

obtaining

M = −i g2

8M2
W

ūl(k
′)γα(1 − γ5)uν(k) < X(p′)|Jα|(p) > . (2.11)
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The square of the invariant amplitude (2.11) can be expressed, in a contracted

form, in terms of leptonic (Lαβ) and hadronic (Wαβ) tensors. The expression is

written as follows:

|M|2 =
G2

F

2
LαβW

αβ, (2.12)

where the Fermi constant (GF ) has been defined as

GF√
2

=
g2

8M2
W

. (2.13)

The leptonic tensor is calculated of the following way[23]:

Lαβ =
∑

si

∑

sf

[ūl(k
′)γα(1 − γ5)uν(k)]

†[ūl(k
′)γβ(1 − γ5)uν(k)] (2.14)

= Tr[(/k +ml)γα(1 − γ5)(/k
′ +ml)γβ(1 − γ5)] (2.15)

= 8[k′αkβ + k′αk
′
β − gαβk · k′ + ǫαβρσk

ρk′σ] (2.16)

= LS
αβ + iLA

αβ, (2.17)

where the two sums, at the first expression, include the total number of initial (si)

and final (sf ) spin states and the superscript S and A, at the last expression, refer to

the symmetry under interchange of the Lorentz indices (α,β). For anti-neutrinos

the anti-symmetric piece gets a minus sign, so the leptonic tensor is in general

written as follows:

Lαβ = LS
αβ ± iLA

αβ. (2.18)

The hadronic tensor:

W αβ =< X(p′)|Jα|(p) >†< X(p′)|Jβ|(p) > (2.19)

must represent the structure of the nucleon, so the final expression is not as simple

as the leptonic case. The most general hadronic tensor is given by the expression:

W αβ = −gαβW1 +
pαpβ

M2
W2 +

iǫαβρσpαqσ

2M2W3

+
qαqβ

M2
W4

+
pαqβ + qαpβ

2M2
W5 +

i(pαqβ + qαpβ)

2M2
W6 (2.20)
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where Wi are structure functions. A more detailed development of the hadronic

tensor is given in the section 2.3.

2.2 Decomposition of the neutrino cross section

In the previous section, the neutrino interactions have been decomposed in charged

and neutral interactions. Hence, the neutrino cross section can be expressed as

follows:

σ = σCC + σNC . (2.21)

Each one of these inclusive cross sections can be broken up in basically three

processes, the quasi-elastic (σQE), the resonance (σRES) and the deep inelastic

(σDIS) cross sections1:

σCC,NC = σQE + σRES + σDIS. (2.22)

1. Quasi-elastic

This channel, main goal of this study, is dominant at energies below 1 GeV

as the figure 2.3 shows. The interaction is a two body elastic scattering

between the neutrino and the nucleon. The term quasi refers to the fact

that the neutrino can change its identity to a charged lepton as well as the

neutron can suffer a quark flip becoming a proton.

2. Resonance production

The resonance reaction is characterized by the production of a resonant state

due to the excitation of the nucleon during the interaction process. When

the excitation is produced by the whole nucleus instead of the nucleon, the

specific reaction is called coherent. In both cases, the exited states decay to

their fundamental states producing other particles, like kaons and pions.

3. Deep inelastic

1The cross section classification is in someway artificial. There are kinematic regions where the
classification is not completely clear
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Figure 2.3: Total cross sections as a function of the neutrino energy decomposed
in QE, RES and DIS.

This reaction is dominant at high neutrino energies (see 2.3). It is

characterized by a high momentum transfer (q), so the nucleon tends to

break up and produce new hadrons. The process is called ”deep” because

the interaction is produced at the quark level. Expressed in other way, the

associated wavelength of the propagator (1/|q|) is of the size of the nucleon

constituents.

2.3 Quasi-elastic charged current cross section

The neutrino charged current quasi-elastic (CCQE) interaction is given by the

following reaction:

ν(ν) + n(p) → l−(l+) + p(n). (2.23)

The derivation of the cross section will be given explicitly for neutrinos although

it can be straightforward extended to anti-neutrinos. At the same time, the

calculations are not restricted to any particular neutrino flavour.

As it was mentioned in the previous section, the square of the invariant

amplitude can be written as follows:
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|M|2 =
G2

F

2
LαβW

αβ, (2.24)

The leptonic tensor was already calculated in (2.17). For the hadronic tensor,

just a general expresion was given (2.20). Here, in order to introduce our hadronic

vertex, the associated current is defined as follows:

JCC
α =< p(p′)|JCC

α (0)|n(p) >, (2.25)

where p(p’) and n(p) denote a proton and a neutron with momentum p and p’

respectively. The transformation of a neutron into a proton means, in the valence

quark model, the transformation of a down quark into an up quark. Then, a

Cabbibo mixing angle must be included (cosθC). Following Lorentz invariant

arguments, as used in lepton tensor, the hadronic charged current is written as

follows:

JCC
α = cosθC(V CC

α − ACC
α ), (2.26)

where V CC
α and ACC

α correspond to the vector and the axial parts. Since each part

must be a Lorentz four-vector, one can construct the most general form of the

vector and axial parts by using the four-momentum vectors (p,p’and q) and the

Dirac γ matrices following the arguments from Ref. [24]. Hence, the vector part

can be expressed as follows [25]:

Vα = γαF
V
1 (Q2) +

i

2M
σαβq

βF V
2 (Q2) +

iqα
2M

F S(Q2), (2.27)

where Q2 = −q2, σαβ represents the Pauli matrix and M is the nucleon mass. F V
1,2

and F S are vector and scalar form factors. The same procedure is given for the

axial part:

Vα = γαFA(Q2) +
i

2M
σαβq

βFT (Q2) +
iqα
2M

FP (Q2), (2.28)

where FA, FT and FP are the axial the tensor and the pseudo-scalar form factors

respectively. In general, the form factors are functions that contains information

of the structure of the nucleon and traditionally adopt a dipole form (see appendix

C).

The hadronic current can be simplified just by assuming two symmetries. On

one hand, the time reversal invariance that vanishes the imaginary part of the
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form factors. On the other hand, the charge symmetry that, together with the

time invariance, cancels the F S and F T form factors (see ref. [26],[27]). With

those symmetries, the hadronic current is written as follows:

JCC
α = cosθCup(p

′)[γαF
V
1 + +

iσαβq
βF V

2

2M
+ +γαγ5F

A +
qαγ5F

P

2M
]un(p). (2.29)

At this point, the cross section can be expressed in a contracted way by using

a parameterization model described by the Llewellyn-Smith formalism[28]. This

formalism allows to describe the cross section in terms of functions that only depend

on the momentum transfer (Q). The neutrino cross section is then written as

follows:

dσνν

dQ2
=
M2G2

F cos
2θC

8πE2
ν

[

A(Q) ± s− u

M2
B(Q) +

(s− u)2

M4
C(Q)

]

. (2.30)

where s−u = 4MEν −Q2−m2
l . Here, neutrino and anti-neutrino cross section

just differ by the sign in the B term (minus for anti-neutrinos). The A, B and C

functions are defined as follows:

A =

(
m2

l +Q2

M2

)

[(1 + τ)F 2

A

−(1 − τ)(F V
1 )2 + τ(1 + τ)(F V

2 )2 + 4τF V
1 F

V
2

− ml

4M2

(

(F V
1 + F V

2 )2 + (FA + FP )2 − (
Q2

M2
+ 4)F 2

P

)

] (2.31)

B =
Q2

M2
FA(F V

1 + F V
2 ), (2.32)

C =
1

4
(F 2

A + (F V
1 )2 + τ(F V

1 )2), (2.33)

where τ = Q2/4M2. Note that FP is multiplied by m2
l /M

2, so that contribution

is negligible for νe and νµ but not for ντ flavour.

Summarizing, the cross section can be expressed in terms of four form

factors, F V
1 ,F V

2 ,FA and FP . The vector form factors F V
1,2 can be expressed,

assuming conserved vector current (CVC)[29], in terms of the Dirac and Pauli

electromagnetic form factors (F p,n
1 and F p,n

2 ), in the following way:
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F V
1,2(q

2) =
F p

1,2(q
2) − F n

1 (q2)

2
. (2.34)

The Dirac and Pauli electromagnetic form factors have been measured in

electron scattering experiments. The electromagnetic form factors can be written,

using the Galster et all formalism[30], in the following way:

FN
1 =

GN
E + τGN

M

1 + τ
(2.35)

FN
2 =

GN
M −GN

E

1 + τ
, (2.36)

where τ = −q2/4M2. The GE and GM are called the Sachs form factors [31],[32]

and are parameterized in the way:

Gp =
Gp

µp

=
Gn

µn

= −(1 + λnτ)
Gn

E

µnτ
=

(

1 − q2

4M2
D

)

(2.37)

where λn and the dipolar mass MD are free parameters with values determined

experimentally (λn = 5.6 and MD = 0.843GeV ).

The pseudo-scalar form factor (FP ) can be related to the axial form factor (FA)

by requiring partially conserved vector current (PCAC), in the following way:

Fp(q
2) = FA(q2)

2M

m2
π − q2

, (2.38)

with mπ and M representing the pion and nucleon masses. The axial form factor

commonly adopt the following dipolar form:

FA(q2) =
gA

(

1 − q2

M2

A

)2
, (2.39)

where parameters gA and the axial mass MA are obtained through experimental

data fits. So, the best current value for gA, extracted from beta decay experiments,

is -1.267[33]. The axial mass can only be determined by neutrino experiments.

The world average value is 1.026[27], although the most current experiments have

reported higher values [34], [35] and [36].
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2.4 Nuclear Effects

In last sections, the neutrino-nucleon scattering has been described under the

assumption that nucleons behave as free particles. However, nucleons are bound

to the nuclei and two important effects must be considered, the Fermi motion, the

Pauli blocking, derived both from the Fermi gas model. Moreover, re-scattering

and absorption inside the nuclei takes importance as well.

2.4.1 Fermi Gas Model

There are different models attempting to describe the nuclear structure, although

no single model is detailed enough to encompass all the aspects of the nucleus.

The most simplistic model considers the nucleus an ideal gas composed of weakly

interacting fermions, protons and neutrons. This model description is known as

the Fermi gas model. The system obey Fermi-Dirac statistics, leading to the Pauli

exclusion principle. Fermions are confined within nuclear potencial wells (see sketch

2.4).

Figure 2.4: Sketch of the proton and neutron potential wells and states in the
Fermi gas model[37]. Ep

F and En
F represent the Fermi energy of the proton and

neutron, respectively. B′ corresponds with the binding energy. See text for details.

The number of states of protons (or neutrons) within the nuclear volume V is

given by:

dn =
4πV dp

(2π~)3
V. (2.40)
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For the nucleus in its ground state, the lowest states will be filled up to a

maximum momentum, called the Fermi momentum (pF ). The total number of

states follow from integrating from 0 to pF :

n =
V p3

F

6π~3
, (2.41)

where here the two posible nucleon states (spin) have been considered.

In the electron scattering, the nuclear radius is R = r0A (with r0= 1.21 fm) and

N = Z = A/2. In this case, the Fermi momentun, derived from equation (2.41),

results of 250 MeV/c. The Fermi energy (EF ), defined as the energy of the highest

occupied nucleon level, is then EF = p2
F/2mN ≈ 33MeV . The difference between

the edge of the potencial well and the Fermi level is defined as the binding energy

B’ (see sketch 2.4).

In the Fermi gas nuclear model, a neutrino-nucleon interaction only can occur

if the nucleon involved recieves enough momentum (above the Fermi momentum)

because all the states are already occupied. This suppresion is called Pauli blocking

and is specially present at low momentum transfer, because the momentum transfer

is comparable to the Fermi momentum (for Q2 < 0.2 GeV 2).

The Fermi gas model provides a reasonable qualitative description of the

continuum nuclear response, but is indeed limited. The effects of dynamical

nucleon-nucleon correlations in the initial an final states, that play a critical role

in specific kinematical regions, are not included. Nowdays, several efforts are

underway to incorporate better models beyond the Fermi gas model[38, 39, 40].

2.4.2 Absorption and rescattering processes

The intra-nuclear innteractions of the mesons and nucleons, produced in neutrino

interactions, are also important nuclear effects to take into account. Pion

absorption interactions are events in which pion is not observed in the final states.

A re-scattering of protons can modify the momentum of the particle. All these

kinematics changes can modify the event type classification performed in the

analysis.
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Chapter 3

The SciBooNE experiment

This chapter introduces the SciBooNE experiment, explaining the main physicis

purposes. A description of the experimental setup is reported.

3.1 Introduction

The SciBar Booster Neutrino Experiment (SciBooNE)[41] is a neutrino and

anti-neutrino scattering experiment located at the Fermi National Accelerator

Laboratory (FNAL) in Chicago (USA). The main goal is to measure the neutrino

and anti-neutrino cross sections at neutrino energies around 1 GeV.

The SciBooNE experiment is composed of three detectors: a fully active fine

grained Scintillator Bar detector (SciBar), an Electromagnetic Calorimeter (EC)

and a Muon Range Detector (MRD).

The SciBooNE experiment takes advantage of the Booster Neutrino Beam line

(BNB) which has been used in the MiniBooNE experiment[36]. So, the SciBooNE

detectors are placed at 100 meters downstream of the target and 440 meters

upstream of the MiniBooNE detector.

3.2 History of SciBooNE

The idea of the experiment came up in early 2005, right after the completion of the

K2K experiment. The SciBooNE collaboration was formed in summer 2005. In
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2006, the SciBar and EC detectors, placed at KEK in Japan, were disassembled and

moved to FNAL. We participated during the summer of 2006 in the construction,

piece by piece, of the MRD detector. In April 2007, all the detectors were installed

in the detector hall. Finally, in June 2007, after the commissioning, the experiment

started to take data (see table 3.1 for a detailed cronology of the experiment).

2005 Summer Collaboration was formed.
2005 Dec. Proposal was approved by FNAL PAC (FNAL E954).
2005 Nov. - 2006 Feb. The SciBar/EC detectors were disassembled at KEK.
2006 Jul. The SciBar/EC components were moved to FNAL.
2006 Sep. Civil construction of the detector hall was started.
2006 Nov. - 2007 Mar. Sub-detectors were built up and tested with cosmic-rays.
2007 Apr. Detector was installed into the detector hall.
2007 May. Sub-detector systems were merged and commissioned.
2007 Jun. - 2007 Aug. Data-taking with antineutrino beam (Run-I).
2007 Oct. - 2008 Apr. Data-taking with neutrino beam (Run-II).
2008 Apr. - 2008 Aug. Data-taking with antineutrino beam (Run-III).
2008 Aug. SciBooNE completed data-taking.

Table 3.1: Cronology of the SciBooNE experiment.

3.3 Physics motivations

The main SciBooNE goal is to measure the neutrino/antineutrino-nucleus cross

section in Carbon around 1 GeV. Three physical motivations support such

measurments: (1) to contribute with high and precise cross section measurements

at low energies, where existing old data are rather sparse and with low

statistic,(2) to provide additional cross section measurements to neutrino oscillation

experiments and (3) to measure the neutrino/anti-neutrino flux from booster

neutrino beam, helpful to constraint flux predictions used in MiniBooNE oscillation

analysis.

3.3.1 Precisse neutrino cross section measurements

The first neutrino cross sections measurements around 1 GeV were made in the

decades of 70’s and 80’s. In many cases, the detection technique was based on
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bubble chambers ([42, 43]). This technique, although precisse, was limited by low

statistics and large flux uncertainties. Figure 3.1 shows a collection of the world’s

charged current (CC) neutrino cross section data as a function of energy. Note the

low data population below 1 GeV neutrino energy. In addition, table 3.2 shows a

comparison of detection techniques and statistics for several neutrino experiments.

Figure 3.1: Charged current cross section data for several past experiments as
a function of the neutrino energy. Predictions come from NUANCE MC (plot
extracted from [44]).

Experiment end-run < Eν > ν-target detection type ν-interactions

ANL 1973 1.6 deuterium Bubble chamber ∼ 103

GGM 1973 2.2 propane Bubble chamber ∼ 103

BNL-7ft 1981 1.6 deuterium Bubble chamber ∼ 103

MiniBooNE not finished 0.8 carbon Cherenkov ∼ 106

K2K-SciBar 2004 1.2 carbon segmented tracker ∼ 104

SciBooNE 2008 0.8 carbon segmented tracker ∼ 105

Table 3.2: Comparison of various attributes between the old (ANL, GGM and
BNL) and recent neutrino experiments (K2K, SciBooNE and MiniBooNE).

In the last years, the neutrino detection techniques have been mainly dedicated

to Cherenkov light and scintillator traking detectors, allowing a high data

collection. At the same time, the neutrino flux prediction has been improved with

results from hadron production experiments. Such experiments, like HARP[45],
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have measured the hadron production cross sections with different targets and

different neutrino energies. Therefore, high statistic and accurate neutrino flux

prediction have improved the quality of the cross section data at low energies

reported by recent neutrino experiments. This is the case of the SciBooNE

experiment that, together with past (K2K[46]), present (MiniBooNE[36],Minos[47],

T2K[48]) and near future (Minerva[49]) experiments will contribute to populate

the cross section data at low neutrino energies, helping to fill the gap in the

understanding of neutrino interactions at few GeV.

3.3.2 Neutrino oscillation experiments

The goal of next-generation long baseline accelerator-based neutrino oscillation

experiments is to measure a non-zero θ13 via νe appearance as well as improve

the precission in oscillation parameters related to νµ disappearance. Currently,

two experiments are planned, the Tokai-to-Kamioka (T2K) experiment[48] and the

NuMI Off-axis νe Appearance (NOvA) experiment[50]. The oscillation parameters

are obtained from the measurement of the initial and final neutrino flux, using the

CCQE interaction channel for such a purpose. In this task, the main contamination

comes from the CC1π and CCπ0 (for νe disappearance measurements) interaction

channels. So, good extraction of the oscillation parameters relies on precise

measurements of neutrino cross section [51]. In such a context, the SciBooNE data

will provide helpful information, specially to T2K experiment since the neutrino

energy spectra are similars as figure 3.2 shows.

3.3.3 Flux measurements

The MiniBooNE and SciBooNE experiments shares the neutrino beam line. For

such a reason, SciBooNE flux measurements can provide additional constraints

to the MiniBooNE flux predictions, acting like ”near detector” for MiniBooNE.

The anti-neutrino mode is specially relevant. In this case, a large fraction of

neutrino contamination is expected, around 30%[41] of the total anti-neutrino mode

event rate. Unlike the MiniBooNE, the SciBar detector technique can distinguish

neutrino versus antineutrino charged current quasi elastic (CC-QE) interactions on

an event-by-event basis. This is based on the different event topology for neutrinos

and anti-neutrinos: CC-QE neutrino interactions are expected to have two tracks
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Figure 3.2: Comparison of the muon neutino energy spectra at K2K, T2K and
SciBooNE. All curves are normalized to unit area[41].

(one each from the muon and proton) while antineutrino interactions are expected

to have only one track (from the muon), since the neutron is not detected. So by

selecting 1-track sample in anti-neutrino mode, SciBooNE produces a data sample

with 80% of right sign events, although by taking the 2-track m+p sample, a 70%

wrong-sign events is obtained (see fig. 3.3).

Figure 3.3: SciBooNE muon momentum distributions for the 1-track (left plot) and
2-track (right plot) samples corresponding to anti-neutrino running mode. The fill
histograms represent the Monte Carlo, broken up in neutrino channels (colours).
Dots represents the data.
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3.4 Experimental setup

The SciBooNE detectors are installed in a 7 meters deep hall, located at 100

meters downstream from the target. The SciBooNE emplacement is on the axis

of the Booster Neutrino Beam (BNB) direction, which points to the MiniBooNE

detector, located at 540 meters downstream of the target (see figure 3.4).

50 m

100 m 440 m

MiniBooNE

Detector

Decay region

SciBooNE

DetectorTarget/Horn

Figure 3.4: Schematic drawing of the experimental SciBooNE setup.

3.4.1 The Booster Neutrino beam line

The Booster accelerator produces the primary proton beam, accelerated up to 8

GeV. Selected batches containing approximately 4-5×1012 protons are extracted

and bent toward the target hall via dipole magnets. The spill duration is of 1.6

µs. Each spill is composed of 81 bunches of protons of 6 ns wide each and 19 ns

apart.

The primary proton beam strikes a thick beryllium target made of seven

cylindrical slugs with a radius of 0.51 cm and 71 cm long. The target is installed

within the magnetic focusing horn, a high-current-carring device. The horn selects

the secondary particles that emerge from the proton hadronic interactions, focusing

them towards the SciBooNE detector direction (see fig. 3.5). The focusing is

produced by the toroidal magnetic field present in the air volume between the

two coaxial conductors that compose the horn. The horn current, synchronized

to each beam spill, is of 175 kA. Given the pulsed nature of the horn current,

a residual magnetic field also penetrates the horn inner conductor (skin depth

effect). The polarity of the horn current flow can be (and has been) switched, in

order to focus negatively-charged mesons, and produce an antineutrino instead of

a neutrino beam. The secondary mesons coming out from the target/horn region
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Figure 3.5: Schematic drawing of the magnetic fousing horn in neutrino-mode.

are collimated via passive shielding. The survival mesons, composed mainly of

pions, are allowed to decay (π → µ+ ν) in a cylindrical decay region (see fig. 3.4).

This region, 50 meters long and 2 meters in diameter, is just filled with air at

atmospheric pressure. A beam absorber, located at the end of the decay region,

stops hadronic particles and muons, emerging finally a pure neutrino beam.
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Chapter 4

SciBooNE detectors

The SciBooNE experiment is composed of three detectors: the SciBar, the electron

catcher and the muon range detectors distributed as the schematic drawing 4.1

shows. The SciBar and the EC detectors are inside of a dark box. The dark box

provides a shielding light (specially to the SciBar detector) and a reference for the

SciBar-EC alignment. In the following sections, the detector technical details are

described.

ν-beam

SciBar
EC

Dark box

4m

2m

MRD

Figure 4.1: Schematic drawing of the SciBooNE detectors.
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4.1 The SciBar detector

The SciBar is a finely segmented fully-acitve detector designed originally for the

K2K experiment[52]. The detector tracker consists of 14,336 extruded plastic

scintillator strips which serves as the target for the neutrino beam as well as the

active detection medium. The strips, with dimension of 1.3 × 2.5 × 300cm3, are

arranged in 64 layers, each one containing an horizontal and a vertical plane. The

plane is composed of 116 strips glued together in horizontal or in vertical to define

the y or x positions respectively. The total detector volume is of 3 × 3 × 1.7m3

with a total mass 15 tons (see fig. 4.2).

1.7m

EM
 calorim

eter

Extruded Scintillators (15ton)

64ch Multi−Anode
PMT

Wave−length
shifting fiber

3m

3m

Figure 4.2: Schematic view of the SciBar detector.

The SciBar detector is designed to reconstruct the neutrino-nucleus interactions

measuring the final states. The detector segmentation structure allows to

reconstruct the trajectory of charged particles in the two projections (x-z) and

(y-z). The scintillator strips measures the energy deposited by the charged particles

and, combined with the measured length, is able to identify the charged particles.

The minimum reconstructed track length is 8 cm (3 layers), which corresponds to

450 MeV/c proton and 100 MeV/c muon energy thresholds.
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4.1.1 The scintillator strips

The scintillator strips are made of polystyrene (C8H8), infused with the fluors

PPO and POPOP (1% and 0.03% respectively). The figure 4.3 shows a schematic

drawing of the strip. The strip, with a rectangular cross section of 13 × 25mm,

is covered with a reflective coating composed of TiO2 (0.25 mm thickness), which

improves the light collection efficiency. In the middle, a hole of 1.8 mm diammeter

is used to insert the wavelength shifting fiber (WLS), which collect and transport

the scintillating ligth to the photo-detector.

Figure 4.3: Schematic drawing of the scintillator strip. Units are in milimeters.

The light yield from the scintillator is not in general proportional to the energy

given by the ionization process. There is a reduction of the light yield at larger

energy deposition, the effect is called scintillator quenching. The relation between

the visible energy ∆Evis and the actual deposited energy ∆E is expressed by Birk’s

law[53]:

∆Evis

∆E
∝ 1

1 + c · dE/dxexp

, (4.1)

where dE/dxexp is the expected energy deposition per unit legth, and c is Birk’s

constant which depends on material. The Birk’s constant measured for the SciBar

scintillator is 0.0208±0.0023 cm/MeV.

4.1.2 Wave length shifting fibers

The green wavelength shifting (WLS) fibers are used to collect the scintillation

light for readout. The absorption peak wavelength of the fiber matches with the
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emission peak wavelength of the scintillator, see fig. 4.4. Each fiber is double-clad
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Figure 4.4: Absorption and emission spectra of the Kuraray Y11(200)MS type
WLS fiber.

type to capture the maximum light fraction. The fiber core is made of polystyrene

(reflective index n=1.56) covered by a thin intermediate acrylic layer (n=1.49) and

a thin polyfluor outer clad (n=1.42). The diameter is 1.5 mm and the length is 335

cm for vertical and 360 cm for horizontal fibers. Each sixty four fibers are bundled

together and glued to a cookie (see fig. 4.5), which is attached to the multi-anode

photo-multiplier.

The attenuation length of the WLS fibers were measured for the K2K

installation. The averaged attenuation length resulted of 350 cm. Before the

SciBooNE installation, the attenuation length was checked again by sampling a

4% of the total. The results were a 2% shorter than the K2K measurements.

4.1.3 The multi-anode photo-multipliers

The scintillation light is detected by a Hamamatsu H8804 multi-anode

photo-multiplier, MA-PMT (see fig. 4.6). Each MA-PMT has 64 channels, whose

pixel size is 2 × 2 mm, arranged in an 8 × 8 array. The photo-cathode area is

made of bialkali material (Sb,K and Cs). The quantum efficiency is about 12% at
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Figure 4.5: Bundles of 64 WLS fibers going out from the scintillator strips in the
SciBar detector.

a wavelength of 500 mm. The operation high voltage of each MA-PMT is typically

800 Volts.

The dense packaging of the pixels introduces some adverse features like the

cross-talk and the non-uniformity of pixel response. The cross-talk effect is caused

by the incident light spreading at the surface of photocathode. This effect has been

measured at the laboratory. The amount of measured cross-talk is 3.15±0.4% for an

adjacent channel and 0.7% for a diagonal channel. The cross-talk to a next-to-next

channel is between 0.1% and 0.3%. The response linearity is kept within 10% up

to 200 photoelectrons.

4.1.4 The readout system

The readout system, initally developed for K2K experiment[54], records the

charged and timing information from each MA-PMT. The system is composed

of a front-end electronics board (FEB) attached directly to the MA-PMT and a

back-end VME module (see fig.4.7). Each FEB has two VA/TA chips (VA32HDR11

and TA32CG)[55] employed to multiplex pulse-height information from each anode

of the MA-PMT. The back-end VME module, called the DAQ board, controls the

readout of the FEBs. The charge information from MA-PMT is digitized with a
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Figure 4.6: A Hamamatsu H8804 multi-anode PMT.

12-bit flash ADC (analog-to-digital converter) and read out through the VME bus.

The linearity of the ADC response is kept up to 300 photoelectron. The timing

information is processed and recorded by a TDC (time-to-digital converter). The

timing resolution and full range are 0.78 ns and 50 µs respectively.

Figure 4.7: Schematic drawing of the SciBar read-out system.
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4.1.5 Gain monitor system

The gain of the MA-PMTs is sensitive to small changes like temperature differences

and high voltage variations. For such a reason, a gain monitoring system has been

used to control the stability gain during the data-taking. The system consist of light

sources, PIN phot-diodes and clear fiber bundles. Figure 4.8 shows a schematic

drawing of the SciBar monitoring system.

PINphoto

Light source Clear fiber

Light Injection Module

WLS fiber

Scintillator

MAPMT

Figure 4.8: Schematic drawing of the SciBar gain monitoring system.

A blue LED, used as the light source, pluses light. The clear fibers transports

the pluse light through the light injection module that, assembled to the WLS fiber

bundle. distributes the light to each fiber bundle. The MA-PMT signal obtained

from that process is compared with the signal coming up from illuminating 2 inch

MA-PMT directly or a pin photo-diode. The resultant relative gain for the whole

data-taking period was stable within ±2%.

4.1.6 Energy scale calibration

The energy of each scintillator strip is calibrated with cosmic-ray muons. Figure

4.9 shows the number of photo-electrons for cosmic-ray muons in a typical channel

(left hand plot). The averaged light yield for a minimum ionizing particle is around

20 p.e./1.3 cm. The energy calibration constant, that converts photoeletrons to

visible energy, is measured for each channel. The right plot of figure 4.9 shows

the energy calibration constants for all channels, with an averaged value of 8.1

p.e./MeV and channel-by-channel variation about 20%.
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Figure 4.9: Right hand plot represents the number of photo-electrons (p.e) for a
cosmic-ray muon in a typical scintillator channel. Left hand plot shows the energy
calibration constants for all the channels.

4.2 The Electromagnetic Calorimeter

The electromagnetic calorimeter (EC)[56] was installed downstream of the SciBar

detector. The EC was originally built for the CHORUS experiment[57], but it was

used in HARP[45] as well as in the K2K experiment. The main purpose of the

EC detector is longitudinal containment of the electromagnetic showers that scape

from the SciBar detector.

The ”spaghetti” calorimeter is composed by a horizontal and a vertical plane

with 32 modules each. The module consists of a stack of 21 lead sheets and 740

scintillating fibers (see fig. 4.10). The 1 mm diameter fibers are positioned within

the lead sheet grooves made for that purpose. The planes cover an active area of

2.7 × 2.6 m2 with a thickness equivalent to 11 radiation lengths (11X0), enough

to absorb photons and electrons below 3 GeV with 85% energy containment.

At the end of the each module, the fibers are grouped in two bundles, coupled to

a plexiglas light guide. The light guide is attached to the Hamamatsu R1315/SM

PMT as shows 4.11. In total, the EC detector uses 256 PMTs. The cathode

material is bialkali with an average quantum efficiency of 27% in the wavelength

range of 350-450 nm. The operation voltage is of 1600 Volts. The non-linearity

of the output signal vs input charge is 2% at 60 mA, corresponding to 600

photoeletrons, at a gain 2×106. The energy resolution for electrons measured
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Figure 4.10: Schematic drawing of a EC horizontal plane (left) and a trasversal
section of a EC module.

in a test beam resulted 14%
√

(E)GeV 1/2[57].

Figure 4.11: Schematic drawing of a EC module coupled to the PMT.

4.3 Muon Range detector

The MRD detector is installed donwstream of the EC. The main goal of this

detector is to measure the momentum of the muons produced in charged current

interactions. The typical muon momentum range measured by the MRD is from

0.2 to 1.2 GeV/c. Below this range, the muons produced at SciBar do not reach

the MRD and above, the muons do not stop inside of the MRD.
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The MRD detector, designed exclusively for the SciBooNE experiment, was

constructed at the FNAL laboratories. The detector materials comes from recycled

parts of past experiments1. The MRD consists of 12 iron plates and 13 alternating

horizontal and vertical scintillator planes. Each iron plate is 5 cm thick, covering

an area of 274×305 cm2. The total mass of absorber material is around 48 tons.

The density of a spare iron plate, measured at several positions, i 7.841 ± 0.002

g/cm3. The iron plates are sandwiched with alternating horizontal and vertical

scintillator planes. The scintillator plane is made of scintillator paddles 20 cm

wide and 6 mm thick. The vertical scintillator plane is composed of 30 scintillator

paddles 138 cm long, arranged in a 2×15 array to get an active area of 276×300

cm2. The horizontal scintillator plane contains 26 modules 155 cm long, arranged

in a 13×2 array to cover an area 260×310 cm2. In total, 362 scintillator paddles

were used in the MRD (see fig. 4.12).

A total of five types of PMTs has been used for the scintillator paddles readout.

The vertical planes uses Hamamatsu 2154-05 PMTs and RCA 6342A PMTs from

the NuTeV experiment. The horizontal planes takes EMI 9954KB PMTs from

KTeV experiment and EMI 9839b and 9939b PMTs too[58].

The data adquisition system consists of CAMAC electronics supplied by

Fermilab’s electronic support group. The readout systems, recording timing and

charge information, correspond to LeCroy 4300B ADCs and 3377 TDCs. The

timing resolution and full range are 0.5 ns and 32 µs, respectively.

The MRD detector has a cosmic-ray trigger independent from SciBar and EC.

The hit finding efficiency was continuously monitored using cosmic-ray data taken

between beam spills. Figure 4.13 show the hit finding efficiency as a function of

position for a typical scintillator plane. The average hit finding efficiency is around

99%.

4.4 Triggering system

There are two types of triggers, the neutrino data-taking (beam) and the detector

calibration (off-beam) triggers. The beam-trigger is set by a fast signal sent by

the extraction magnet placed at the horn. When the beam time window is open,

only neutrino data information is collected into the detectors. This beam trigger

1For the reclycling effort, SciBooNE was awarded with the DOE 2008 Environment award.
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Figure 4.12: Schematic drawing (up) and photo (down) of the MRD detector.

signal has a typical repetition rate of 0.5 Hz, defined by the accelerator operation

sequence.

A Global Position System (GPS) records timing triggers. The GPS is connected

to a PCI module (a time and frequency processor), where the beam trigger

information is recorded. The extraction time of the Booster protons is also recorded

in the GPS. Then, at the offline level, detector data and accelerator information

can be synchronized.

The off-beam trigger is setup between the spills, when the beam window is

closed (see 4.14). There are three types of detector calibration data: the pedestal,

the cosmic and the LED (only for SciBar detector). The pedestal and the LED

data are triggered once per cycle. A common cosmic trigger is used for SciBar and

EC meanwhile the MRD detector has an independent self-generated cosmic-ray
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Figure 4.13: Hit finding efficiency as function of track position (coloured). The
average hit finding efficiency corresponds to the black points.

trigger. In both cases, the cosmic-ray data is triggered 20 times per cycle.

Figure 4.14: Timing structure of the trigger systems.

4.5 Detector coordinates and alignment

The SciBooNE uses a right-handed Cartesian coordinate system, where the z-axis

correspond with the beam direction. The y-axis is the vertical upward direction

and the x-axis the horizontal direction, perpendicular to the beam direction. The

z-coordinate origin is located at the most upstream surface of the SciBar detector.

The x and y coordinate origin are in the center of the SciBar detector.
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The SciBar and EC detector alignment was performed with respect to the dark

box. The SciBar scintillator layer alignment was surveyed during the installation

in the dark box. Once the detectors were installed in the detector hall, the SciBar

position of each layer was again measured using cosmic-ray muons. A linear fit

over the muon-track, but masking a layer every time, is done. Then, the alignment

is calculated as the deviation between the theoretical point obtained from the fit

and the real position. Figure 4.15 shows the displacement of each scintillator layer

with respect to the most upstream one using the two methods (surveying and

cosmic-ray).

The relative positions of the EC planes were determined using cosmic-ray

muons. The positions of the dark box and the MRD detector were surveyed with

respect to the detector hall. In all the cases, the precision on the positions were

estimated to be few milimiters.

Figure 4.15: Alignment of each scintillator layer with respect to the most upstream
layer.
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Chapter 5

Monte Carlo Simulation

The SciBooNE Monte Carlo has been designed to simulate the complete

experiment. The simulation is composed of three parts: the neutrino beam

prediction, the neutrino interactions and the detector response simulations. This

chapter describes, in a general way, each simulation process.

5.1 Neutrino Beam simulation

The Monte Carlo code for the neutrino flux predictions has been provided by the

MiniBooNE collaboration[59]. The code is based in a GEANT4[60] software. The

simulation includes realistic description of materials and geometry presents at the

Booster neutrino beam hall and the decay region.

The interactions of primary protons with the beryllium target are simulated

according to state-of-the-art hadron interaction data. The production and

re-interaction of the resultant secondary particles are simulated using the GEANT4

physics processes. Since neutrinos are produced by π-decays, the π-production

takes special relevance.

The prediction of the π-production in p-Be interactions is described by the

Sanford-Wang parametrization model[61]. In this model , the double-differential

cross section can expressed in terms of nine parameters in the following way:

d2σ

dpdω
= C1p

C2

(

1 − p

pB − C9

)

exp

(

−C3

pC4

pC5

B

− C6θ(p− C7pBcos
C8θ)

)

, (5.1)
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where p is the total meson momentum, θ is the angle of the meson with respect to

the incident proton with momentum pB. The Ci are the parameters determined

by the fit using experimental data. The HARP[45] and BNL[42] experiments have

provided the experimental inputs.

The K+ production cross-sections are predicted using the Feynman scaling

hypothesis. According to this hypothesis, the double-differential cross section can

be expressed in terms of seven parameters, determined through of experimental

fits. The other hadronic and all the electromagnetic processes are described by the

default GEANT4 physic lists.

The GEANT4 output is used as input in a second FORTRAN-based Monte

Carlo. This Monte Carlo is responsible of generating the neutrino kinematics

distributions from meson and muons decays. The neutrinos are extrapolated along

straight lines toward the SciBooNE detector. All neutrinos whose trajectories cross

any part of the detector volume are considered for the SciBooNE flux predictions.

Each neutrino contains information of its flavour, energy, parent type, incoming

direction and kinematics. This information, together with the interaction type

and detector simulation, is used to compute a weight for each neutrino event. The

weight represents the interaction probability of the event inside of the detector.

The Neutrino flux prediction at the SciBooNE detector, as function of neutrino

energy, is shown in figure 5.1. In neutrino mode, the flux is dominated by muon

neutrinos (93% of the total) with a small contribution from muon anti-neutrinos

(6.4%) and electron neutrino and anti-neutrinos types (0.6%). In anti-neutrino

mode, the flux is dominated by muon anti-neutrinos with a 84% of the total,

however a strong contribution coming from muon neutrinos (15.6% of the total) is

present.

5.2 Neutrino interactions (NEUT)

The neutrino interactions with nuclear targets are simulated with the NEUT

program library [62, 63]. This neutrino generator software was originally developed

for the Kamiokande experiment[64], running in a neutrino energy range from 100

MeV to 100 TeV. The targets of oxygen, carbon and iron have been used to simulate

the neutrino interactions within the different SciBooNE detectors. The nuclear

re-interactions of mesons and hadrons produced in the neutrino interactions are
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Figure 5.1: The neutrino (left) and anti-neutrino (right) flux predictions, as
function of the neutrino energy, at the SciBooNE detector. Flux is normalized
per unit area, POT and neutrino energy bin width. The spectra are averaged
within 2.12 m from the beam center.

also simulated.

The following neutrino interactions in both charged and neutral current are

simulated:

1. Quasi-elastic scattering: νN → lN ′

2. Single meson production: νN → lN ′m

3. Single gamma production: νN → lN ′γ

4. Coherent π production: νC(orFe) → lπC(orFe)

5. Deep inelastic scattering: νN → lN ′hadrons

The table 5.1 shows the expected number of neutrino interactions in the SciBar

fiducial volume for each interaction channel.

5.2.1 Quasi-elastic interactions

The quasi-elastic interaction, dominant reaction at the SciBooNE neutrino

energies, is implemented using the Llewellyn-Smith parametrization model[28]. A
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Channel νµ-interactions

(/10tons/1020POT)
CCQE 50,800
CC resonant π 26,200
CC coherent π 1,700
CC DIS 6,300
NC elastic 21,400
NC resonant π 10,400
NC coherent π 1,000
NC DIS 2,000

Table 5.1: Expected number of neutrino interactions (νµ-mode) in the SciBar
fiducial volume.

detail description of this model was exposed in chapter 2.3.

The neutral current elastic scattering can be determined through the CCQE

interactions by using the following relations[65, 66]:

σ(νp→ νp) = 0.153 × σ(νn→ µ−p) (5.2)

σ(νp→ νp) = 0.218 × σ(νp→ µ+n) (5.3)

σ(νn→ νn) = 1.5 × σ(νp→ νp) (5.4)

σ(νn→ νn) = 1.0 × σ(νn→ νn) (5.5)

The Fermi gas model of Smith and Moniz[67] is used for scattering off nucleons

in the nucleus. In the Fermi gas model, the nucleons are treated like a quasi-free

particles, so the Fermi momentum as well as the Pauli exclusion principle is taken

into account. The momentum distribution is assumed to be flat up to a fixed

Fermi surface momentum set to 217 MeV/c for carbon and 250 MeV/c for iron.

The nuclear potential is set to 27 MeV for carbon and 32 MeV for iron. The axial

vector mass is set to be 1.11 GeV/c2.

5.2.2 Resonant single meson production

The resonant pion production is, at the SciBooNE energies, the second dominant

channel after the CCQE. The process is described by the Rein and Sehgal
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model[68]. This model describes the double differential cross section in terms

of probability transition amplitude of resonance states (T (νN → lN∗)).

Mathematically expressed as follows:

d2σ

dQ2dµ
=

1

32πmNE2
ν

· 1

2

∑

spins

|T (νN → lN∗)| · δ(W 2 −M2), (5.6)

where mN is the nucleon mass, Eν the neutrino energy, W the hadronic invariant

mass and M the mass of the produced resonance state. The model includes the

vector and axial-form factors using dipole parametrization form, with same values

than the QE case. The transition probabilities are calculated using the Feynman,

Kislinger and Ravndal[69] model.

For finite decay width, the δ-function in the equation (5.6) can be replaced by

the Breit-Wigner formula:

δ(W 2 −M2) → 1

2π

Γ

(W −M)2 + Γ2/4
. (5.7)

All the intermediate baryon resonances with mass less than 2 GeV are included,

for greater values, the reaction is simulated as deep inelastic scattering. The

corrections for the lepton mass effects[70] are simulated as well.

5.2.3 Coherent pion production

The Rein and Sehgal model[71] simulates the coherent pion production. The

differential cross section can be expressed as follows:

d3σ

dQ2dydt
=
G2

FMN

2π2
f 2

πA
2Eν(1−y)

1

16π
[σπN

tot ]2(1+r2)
M2

A,coh

(M2
A,coh +Q2)2

e−b|t|Fabs, (5.8)

where Q2 is the square of the 4-momentum transfer of lepton, t is the square of

the 4-momentum transferred to the nucleus, mA is the axial-vector mass, fπ =

0.93mπ, b = 80 GeV −2, G is the weak coupling constant, MN is the nucleon

mass, y = Eν − El/Eν is the fraction of the lepton’s energy loss, Eν and El the

neutrino and outgoing lepton energies. A is the atomic number of oxigen and

Fabs = e−x/λ, λ = σπN
inelρ accounts for the absorption of the pion in the nucleus,

expressed as follows:
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Fabs = e−x/λ, (5.9)

λ = σπN
inelρ (5.10)

where x is the average path length of the pion in oxygen. ρ = 4π/3R3 is the nuclear

density with radius R. The σπN
tot and σπN

inel are the averaged total and inelastic

pion-nucleon cross sections, obtained from experimental results and fitted results

given in the Rein and Sehgal’s paper[71].

5.2.4 Deep inelastic scattering

The cross section of this interaction is calculated by integrating following equation

in the range of W > 1.3 GeV, where W is the invariant mass of the hadronic

system:

d2σ

dxdy
=

G2
FMNEν

π
((1 − y +

1

2
y2 + C1)F2(x,Q

2) ± (1 − y +
1

2
y + C2)[xF3(x,Q

2)](5.11)

C1 =
ym2

l

4MNEνx
− xyMN

2Eν

− m2
l

4E2
ν

− m2
l

2MNEνx
(5.12)

C2 =
m2

l

4MNEνx
, (5.13)

where x = −Q2/(2MN(Eν − El)) and y = ((Eν − E−))/Eν are the Bjorken

parameters, GF is the Fermi coupling constant, MN is the mass of the nucleon, ml

the lepton mass, Eν and El the neutrino and the outgoing lepton energies in the

laboratory frame, Q2 the square of the lepton momentum transfer and F2,3 nucleon

structure functions.

The multi-pion and in general heavy mesons production are common in deep

inelastic interactions. Multiple pion production takes place when the invariant

mass W of the νN system is larger than 1.4 GeV/c2. The number of pions produced

in the interactions depends logarithmically on W, estimated from the result of

Fermilab 15-foot hydrogen bubble chamber experiment[72]:

< nπ >= 0.09 + 1.83lnW 2 (5.14)
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5.2.5 Intra-Nuclear interactions

The intra-nuclear interactions of the mesons and nucleons, generated inside of

the nucleus by the neutrino interactions, are also simulated. These interactions

are treated by using the cascade model, and each of the particles is traced until

escapes from the nucleus. The generated position of the pion in nucleus is set

according to the Woods-Saxon type nucleon density distribution:

ρ(r) − z

A
ρ0

[

1 + exp

(
r − c

a

)]−1

, (5.15)

where ρ0 = 0.48m3
π and A and Z are mass number and atomic number of the

nucleus, respectively. The Fermi motion and Pauli blocking effect are taken into

account in the simulation. In the case of the pion, the following intra-nuclear

interactions has been considered: inelastic scattering, charge exchange and the

absorption.

The re-interactions of the recoil protons are also simulated. This process

is especially important because the nucleon-nucleon interactions can modify

the outgoing nucleon’s momentum and direction. The elastic process and the

pion production are considered. The differential cross section used in the

simulation were obtained from nucleon-nucleon scattering experiments[73]. For

pion production, the data is reported from reference [74].

5.3 Detector simulation

The output information from the NEUT Monte Carlo is used as input for the

GEANT4 detector simulation. The final states from neutrino interactions are

propagated through the detectors. The simulation includes a detailed geometric

model of the detector, including the detector frame, hall and soil.

The detector response is simulated for all the SciBooNE detectors. The

attenuation light into the fibers is simulated, taking measured values from cosmic

rays. The number of photo-electrons, from PMT signal, is smeared by Poisson

statistic and by the PMT resolution, then it is converted in ADC counts. In this

process, the electronic noise and threshold effects are included. In the SciBar

detector, additional effects like the scintillator quenching and the crosstalk effect
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are simulated as well. For the MRD detector, gaps between scintillator counters

in each plane, which cause inefficiency, are included in the simulation.
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Chapter 6

Software Reconstruction

A specific tracking reconstruction software has been used for the SciBar detector.

The SciBar algorithm works in two steps. A first step is based on reconstruction

of two dimensional (2D) tracks. A Cellular Automaton algorithm has been applied

for such a purpose. The second step looks for three dimensional (3D) tracks by

using a developed matching criteria. Finally, another matching criteria has been

designed to match SciBar track with MRD hits or tracks.

6.1 2D track reconstruction

The 2D track reconstruction algorithm is based on a SciBar Cellular Automaton

Tracking[75]. This algorithm was originally used in T2K experiment and has been

adapted for SciBooNE. The cellular automaton are dynamical systems which evolve

in discrete steps, following certain evolution laws. The cellular automaton system

consists of a regular grid of cells in a finite number of states. The states are updated

according to the evolution laws.

When a track pass through the SciBar detector, the energy is deposited in the

scintillator strips following the trajectory of the track. Each of these scintillator

strips are called hits of the track. For track reconstruction, hits are sometimes

grouped forming clusters. The cluster represents a collection of adjacent hits in

the same plane. That object allows to include all the energy deposited by the

particle in the same plane.

The SciBar cellular automaton tracking defines the cell, the neighbours and the
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evolution rules as follows:

1. CAT cell: A straight line connecting two hits or clusters in adjacent layers.

To include detector inefficiencies, the segment can skip one layer. For

geometrical reasons, if the angle with respect to the z-direction of the segment

is larger than 1.1 radians, the clusters must contain more than one hit. Two

clusters are connected by a segment if the hit timing different between both

are less than 100 ns.

2. CAT neighbour: CAT cells sharing a common end point. However, the two

CAT cells are connected only if the χ2, resulting of the least square method

for lineal regresion, is less than 4.5. This value allows certaing degree of

multiple scattering for the reconstructed track and for detector resolution.

3. CAT rules: the CAT cells are initially in the lowest state value, set to

one. The evolution algorithm starts at the most upstream region of the CAT

cells, where the edge of the segment is not connected to others. Then, the

algorithm look for neighbours, increasing the state value of them in one unity.

The process is repetead again for each neighbour until no more neighbour are

in the same state value.

Picture 6.1 shows an sketch of the cellular automaton tracking in three steps.

The CAT cells are represented by arrows and the clusters by circles. Initially, the

CAT cells have assigned a state value one, figure 6.1 (A). In a first step, the CAT

cell state evolves following the CAT rules, see figure 6.1 (B). The temporal line of

the CAT cell evolution follows the z-direction, such that, the state value of a CAT

cell at layer Z must be one unity lower than state value of CAT cell at layer Z+1,

see figure 6.1 (C).

The collection of track candidates is done by starting from the CAT cell with

lowest state value and adding CAT neighbors in order of states values (1-2-3-.....).

The procedure runs along CAT cells until all combinations are considered. At this

level, tracks with splitting branches are considered. The source of splitting tracks

have both physical and instrumental motivations. Detector segmentation design

can produce sometimes a splitting track effect, for example, elastic scattering of

low energy protons. However, physical processes like the delta ray emission or the

muon decays produces splitting tracks as well.
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Figure 6.1: Sketch of a cellular automaton tracking process.

6.2 3D track reconstruction

The 2D tracks are just projections in the XZ and YZ views. The 3D reconstructed

track is then a matching process of the 2D tracks from the two views. The matching

criteria is based on the z-edges and time difference of the 2D tracks. The time

is calculated as the average time of the hits associated to the 2D track. The

time difference between two 2D tracks must be less than 50 ns. There are three

matching cathegories based on the z-edge difference between two 2D tracks. When

the z-edges difference is one layer (1.3 cm), the matching is type I. The matching

type II and III allows a z-edge difference of three and five planes to take into

account vertex activity and cross talk effects. Figure 6.2 shows an sketch with the

three types of matching tracks.

When two or more 2D tracks in one view compite to be matched with a 2D

track in the other view, the procedure to select the best combination is as follows:

the smaller z-edge difference is favored, in case of same z-edge differences, the χ2 of

the energy deposition per unit length between two 2D tracks is calculated. Then,

the combination with smallest χ2 is selected.

The z-edges of the 3D track is defined as the most upstream (downstream)

z-edge of the matched 2D tracks. Once z-edges (zinit and zend) are defined, the x
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Figure 6.2: Three types of 2D track matching. From left to right, matching type
I, II and III.

and y positions are calculated by extrapolating in the following way:

xinit/end = zinit/end · tanθzx + x0 (6.1)

yinit/end = yinit/end · tanθzy + y0, (6.2)

where θzx (θzy) and x0 (y0) are the slope and offset of the 2D track in the ZX (ZY)

projection, obtained by fitting the 2D track with a straight line.

Once the 3D track is reconstructed, the position of each hit within the fiber is

completely defined. At this point, the correction due to light attenuation effect in

the WLS fiber is applied. The charge information after correction is evaluated as

follows:

q′ = q · exp
(
XY −XY0

λ

)

, (6.3)

where λ is the attenuation length of the WLS fiber, XY is the position of the hit

within the fiber and XY0 is the reference position, set to the scintillator edge close

to the MA-PMT.

6.3 SciBar-MRD matching track

The 3D reconstructed track at the SciBar detector can be matched with hits or

tracks from the MRD detector. The matching process is produced at the 2D level.
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That can occur when the most downstream edge of the 2D SciBar reconstructed

track is on the last two layers of the SciBar detector. The resultant track is

then so-called SciBar-MRD matched track. There are two matching methods: the

track-based and the hit-based matching.

6.3.1 Track-based matching

The MRD detector has an independent reconstruction software. The software is

based on simple linear fits and is used when the MRD track penetrate at least

three steel plates (four scintillator layers), imposing a muon momentum threshold

of 350 MeV/c. The track-based matching selects MRD tracks to match with the

2D reconstructed SciBar tracks. The most upstream edge of a MRD track must be

in either one of the first two layers of the MRD. The transverse distance between

the SciBar and MRD tracks at the first layer of the MRD must be less than 30 cm.

The angle difference between SciBar and MRD track, with respect to the beam

direction, is given by |θMRD − θscibar| < θmax, where θmax is a function of the MRD

track length, varying between 0.4 and 1.1 radians. The function is calculated as

the 3σ boundary of the distribution in each MRD scintillator plane with the MC

simulation. The timing difference between SciBar and MRD tracks must be less

than 100 ns.

6.3.2 Hit-based matching

When no MRD tracks are found, the SciBar track is extrapolated to the MRD

detector to look for contiguous hits, identified as a short muon track. The

requirement for the hit position must satisfy:

tan(θ − θmax) × ∆Z − Z0 < ∆L < tan(θ + θmax) × ∆Z + Z0, (6.4)

where θ is the angle of the SciBar 2D track with respect to the beam direction. ∆Z

is the distance between the downstream edge of SciBar and the MRD hit position

in the z-dimension. ∆L is the distance between the extrapolated position and the

MRD hit position in the x or y dimension. θmax is set to 0.5 radians and Z0 is set

to 10 cm. The requirement is basically a cone with an aperture of ±0.5 radians and

a transverse offset within 10 cm of the extrapolated SciBar track at the upstream
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edge of the MRD. Figure 6.3 shows an schematic drawing of the matching between

SciBar and MRD detector.

Figure 6.3: Schematic drawing of the SciBar-MRD track matching. The solid line
represents the extrapolation from the SciBar track. The dashed lines shows the
boundaries. The hits with a circle correspond to the SciBar-MRD matching hits.
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Chapter 7

Data set and quality cuts

7.1 Data-taking

The SciBooNE data-taking started on June 8th June 2007 and was completed

on August 18th 2008. On that period, the neutrino and anti-neutrino data were

collected in three runs (see table 7.1). The figure 7.1 shows the history of the

accumulated number of protons on target (POT). A total of 2.64× 1020 POT were

collected although 2.52×1020 POT remains after data quality cuts, see section 7.2.

For this analysis, the full neutrino data of 0.99 × 1020 POT has been used.

Run mode Period POT

I anti-neutrino June - August (2007) 0.52×1020

II neutrino October(2007) - April(2008) 0.99×1020

III anti-neutrino April - August(2008) 1.01×1020

Table 7.1: Summary table of the SciBooNE data-taking periods.

7.1.1 Stability of beam data-taking

The stability of the beam data-taking was checked periodically at semi-online level.

This process is based on counting the number of charged current (CC) candidates

occurred in SciBar. The CC-candidates must fulfill the following requirements:
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Figure 7.1: History of accumulated POT for the complete SciBooNE data-taking.

1. Number of hits: Three or more hits per view, with more than two

photo-electron threshold each.

2. Tracking algorithm: an additional tracking algorithm, different from sbcat,

was performed exclusively to check the data-taking stability. The algorithm

simply looks for contiguous hits in each view to reconstruct 2-dimensional

tracks. Three dimensional tracks are constructed by matching the edges of

the 2-dimensional tracks.

3. Muon candidate: The longest track must penetrate more than four layers in

SciBar, reaching the most downstream SciBar layer. This track is considered

a muon candidate.

4. Fiducial volume: The neutrino interaction vertex, defined as the upstream

edge of the muon candidate, must be inside of SciBar fiducial volume

(±130cm for x and y and 2.62 < z < 157.2cm for z).

5. Event time: The time of the event, obtained as the mean time of muon

candidate hits, must be inside of the 2 µs beam time window.

It is important to remark that this criteria is only for data stability checks, not

for the analysis presented here. Figure 7.2 shows the beam data-taking stability

represented by he number of charged current events normalized to the number

of protons on target. The Booster neutrino beam receives 2 to 6×1016POT/hr,
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that means 11 to 33 neutrino charged current event candidates every hour or

2 to 8 anti-neutrino events/hr in SciBar. The differences between neutrino and

anti-neutrino mode are due to the different neutrino and anti-neutrino cross

sections and the positive and negative meson cross section production in the

p-Beryllium interactions.

Figure 7.2: Beam data-taking stability measured at SciBar for charged current
candidates, normalized to POT.

7.2 Quality cuts

In the SciBooNE data-taking seasons, online checks were frequently made in order

to keep a good quality in the data acquisition. These data quality cuts are related

to the proton beam, the toroid, the horn current, the targeting efficiency and the

GPS time difference (see fig.7.3). The intensity of the primary proton beam is

measured on a spill-by-spill basis by using two toroidal transformer, placed at 5

and 200 meters upstream from the target, respectively. Since a typical proton beam

contains 4-5×1012 protons per pulse, only spills with more than 0.1×1012 protons

per pulse were selected (see fig. 7.3 a). The difference between the readout of the

two toroids should be less than 10% to ensure that proton beam was transported

correctly (see fig. 7.3 b).
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The horn current operates in average at 174 kA (-176 kA in anti-neutrino

mode), so values greater than 170 kA are required, fig.7.3 (c). The targeting

efficiency measures the fraction of the beam passing through the entire length of

the target. The measurements are done with two sets of horizontal an vertical

beam position monitors located upstream of the target. Efficiencies larger than

95% were required, fig. 7.3 (d). A synchronization check is done with GPS system,

measuring the time difference between the proton beam and the detector trigger

system. Since the minimum span between beam spills is 67 msec (proton beam

pulse comes out in a row at 15 Hz), a |tbeam − tdet| < 10 ms is required, fig. 7.3 (e).

The data quality cuts rejects less than 1% of the total number of protons on

target accumulated during the run. Table 7.2 summarizes the beam quality cuts

and fractions of the total number of protons on target that were failure.

Cut Fail fraction

Proton beam intensity 0.06%
Toroid agreement 0.07%
Peak horn current 0.09%
Targeting efficiency 0.15%
GPS time difference 0.13%

Table 7.2: Beam quality cuts and fractions of total number of protons on target
failure.
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Figure 7.3: Distributions of the beam quality variables for in a typical SciBooNE
data-taking check. See section 7.2 for details.
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Chapter 8

Charge current quasi-elastic event

selection

This chapter is dedicated to the selection of the charged current quasi-elastic

(CCQE) events. The CCQE event selection is divided in two parts. The first

one describes the selection process to get the charged current sample. The second

part is dedicated to the quasi-elastic selection cuts. The last sections analyze the

kinematics of the final selection samples.

8.1 Charged current event selection

The charged current sample is selected by applying three cuts to the initial sample:

the detector fiducial volume, the beam time window and the muon-track candidate

to the event. Detailed description of each cut is discussed below.

Detector Fiducial volume

Many neutrino interactions are generated in the surrounding materials like the

walls of the detector hall and dirt. The particles produced outside can penetrate

into the detectors. This background can be rejected by requiring that neutrino

interactions are produced in a certain inner SciBar volume, called fiducial volume

(FV). Hence, a neutrino interaction vertex, defined as the upstream edge of the

largest SciBar-track of the event, must be inside of the following SciBar FV limits:

−130 < x < 130 cm
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−130 < y < 130 cm

2.62 < z < 157.2 cm (2nd-60th layer),

that corresponds to a fiducial volume mass of 10.6 tons, the 70.7% of the total

mass. The effect of the fiducial volume can be seen in figure 8.1. Background

events produced by neutrino interactions in the EC and the MRD detectors have

been simulated in the MC as well.
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Figure 8.1: Vertex distributions of neutrino interactions in the different projections
before (left hand) and after (right hand) the fiducial volume cut. Dots correspond
to data and line to MC.
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Beam time window

A neutrino interaction event must be produced within the beam time window

(0 < t < 2µs). The event time is calculated as the temporal mean of the

hits associated to the largest SciBar-track of the event. Figure 8.2 shows the

event time distribution in the temporal window between 0 and 5 µs. The

off-time events are mainly produced by cosmic-ray contamination. The cosmic

background contamination has been estimated by using a beam-off time window

(10 < t < 12µs) and represents only a 0.6% of the total events that are inside of

the beam time window.
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Figure 8.2: Event time distribution for data.

Muon track candidate

A charged current event is selected by requiring at least one muon-track. In this

analysis, the muon-track candidate is defined as the SciBar track that reaches the

MRD (SciBar-MRD matched track), which also correspond with the longest track

of the event (see section 6.3 for details).

In summary, the charged current (CC) inclusive sample is defined as the sample

with the following cuts: (a) the SciBar FV, (b) the beam time window and (c)

a muon-track candidate. The CC-inclusive efficiency is calculated from MC as

follows:

CC efficiency =
CC events

CC events in SciBar FV
= 29.8%, (8.1)

The CC inclusive efficiency is reduced when the µ-candidate cut is applied, see
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table 8.1. The µ-candidate cut rejects CC events where the muon stops in SciBar

or in the EC and also muons with high angle escaping from sides of the SciBar

detector. The small variation of CC-inclusive efficiency in the beam time cut is

due to particle decays in off time window. The CC inclusive sample has been used

to normalized the MC in this chapter.

cut DATA MC CC-inclusive CC-inclusive
events events efficiency(%) purity(%)

SciBar FV 201017 115463 100. 79.8
Beam time 138345 115222 99.8 79.8
µ-candidate 30271 30271 29.8 92.7

Table 8.1: Summary table of the CC-inclusive selection cut. MC is normalized to
the CC-inclusive sample.

8.2 Quasi-elastic event selection

Three samples have been selected in the analysis. These samples are the result of

applying five cuts over the charged current inclusive sample (see sketch 8.3). With

the first three cuts, the 1-track sample has been extracted. Two additional cuts

have allowed to get both, the 2-track CCQE and the 2-track non-CCQE enriched

samples. A complete description of each one of the cuts is exposed in the following

subsections.

8.2.1 Muon track type

The charged current sample can be subdivided in three samples, according to the

downstream edge of the muon-track. When the muon-track cross all the MRD

planes, with hits in the last MRD layer, the muon is called a penetrated-muon

(type 2). The muon that escapes from sides corresponds to side escaped-muons

(type 1). If the muon does not satisfy the two previous conditions, that is, stops

inside of MRD, the muon is called stop-muon (type 0) and the sample is called the

muon-stop sample. Figure 8.4 shows the event distribution according to the muon

type. Data/MC differences are present in the three kind of samples. Systematic
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Figure 8.3: Sketch representing the CCQE cut selection. The sequence of the
cuts read from left to right, starting with the charged current sample. The cut is
identified by the red text and the resultant CCQE samples with red squares. See
text for details.

sources related to the flux can explain the data/MC differences. In particular,

the data deficit around 20% observed in the muon-penetrating type is due to the

large uncertainties at high-energy flux coming from kaons decays, as plot 10.3

in the section 10.3 will show. For this analysis, the muon-stop sample has been

selected. In this case, the muon energy is captured within the different detectors

and the event kinematics is completely defined. However, the muon-penetrated and

muon-side escaping samples will be considered for further studies. The muon-stop

sample contains a 67% of the CCQE events from the CC inclusive sample.

The muon-penetrated and muon side-escaped samples could be introduced in

the analysis to increase the statistics, specially at high energies. However at these

energies, the flux is characterized by large errors, as commented above. So, no

significative improvments in the final measurement of the cross section would be
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expected.

cut DATA MC CCQE CCQE
events events efficiency(%) purity(%)

CC-inclusive 30271 30271 31.8 58.1
µ-stopping in MRD 21711 20604 21.3 55.9
Muon track multiplicity 20920 19774 21.0 57.6
1-SciBar track 13585 13351 16.3 66.2
2-SciBar tracks 5744 4922 4.5 49.8

cuts in 2-track sample

Vertex Connection 4543 4107 4.3 56.2
dE/dx (p-like) 2915 2713 3.4 68.5
dE/dx (π-like) 1628 1394 0.8 32.3

Table 8.2: Summary table of CCQE selection cut based on event topology.
Efficiency calculated with respect to the CCQE events in the SciBar fiducial
volume.

8.2.2 Muon track multiplicity

In a CCQE interaction only one muon is produced, then only one muon-track per

event is required. Remind that muon-track is defined as a SciBar-MRD matched

track. Figure 8.5 shows the muon-track multiplicity per event corresponding to the

muon-stop sample. The presence of QE and CCπ events with two SciBar-MRD

tracks indicates that, apart from the muon-track candidate, high energy protons

or pions reach the MRD detector, even decay in flight pions. The CCQE events

with two SciBar-MRD matched tracks has not been considered in the analysis to

avoid muon miss-identification.

A data deficit is observed at high muon-track multiplicity, dominated by

CC-multi pion and deep inelastic scattering (DIS). The data/MC difference comes

from uncertainties in the cross section and final states interactions of CC-multi

pion and deep inelastic interactions (represented by blue color in MC).
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Figure 8.4: Event distributions according to the type of muon. Type 0 indicates
muon-stopping, type 1 muon-side escaping and type 2 muons-penetrating. MC is
normalized to the CC inclusive sample.

8.2.3 Event track multiplicity

This cut is based on the track multiplicity of the event, searching for two tracks that

characterize the CCQE events. Then, two SciBar tracks per event are required,

the already mentioned muon-track (a SciBar-MRD track) plus and additional only

SciBar track. However, there are many CCQE events in which the second track

(proton) is not visible. That occurs when a proton is absorbed inside of the nucleus

or if its energy is below of the threshold to be reconstructed. For these reasons, the

1-track events are selected as well. Figure 8.6 shows the distribution of number

of tracks per event corresponding to events which already passed the previous

CCQE cuts. A data/MC disagreement is observed at high multiplicity tracks.

Under-estimation of the CC1π contamination can explain such an effect, as later

will be shown.

This cut selects one track and two track events producing the so-called 1-track

and 2-track samples. Both samples are treated separately. The CCQE purity for

the 1-track sample is 65.1%, but the 2-track sample is only of 49% (see table 8.2).

The low 2-track purity comes from the presence of a high fraction of CCπ events.

These events have a topology similar to the quasi-elastic events, both producing
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Figure 8.5: Distribution of the number of muon track multiplicity per event. MC
is normalized to the CC inclusive sample.

two final states, so they are concentrated at 2-track sample. Two additional cuts

has been used in the 2-track sample in order to increase its CCQE purity. The

cuts are based on the information extracted from the non-muon track candidate,

here referred as the second track.

8.2.4 Vertex connection

The vertex connection cut takes advantage of a topological characteristic of the

quasi-elastic events. In a CCQE interaction, the proton is always produced at

the interaction vertex. That property is used to reject nonQE events (CCπ0 and

anti− ν interactions), where the second tracks (gammas and proton coming from

neutron interaction) are generated detached from the neutrino interaction vertex.

The connection vertex distance is defined as the three dimensional distance

between the neutrino interaction vertex and the upstream edge of the second track.

Left hand plot from figure 8.7 shows the connection vertex distribution for the

2-track sample. The cut has been fixed at 10 cm, obtained as a result of maximizing

the CCQE efficiency times purity of the cut value (in fig. 8.7, the right hand plot).
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Figure 8.6: The distribution of number of SciBar tracks for the muon-stop sample.
MC is normalized to the CC inclusive sample.

8.2.5 Particle identification

Moderatively relativistic charged particles lose energy in matter primarily by

ionization and atomic excitation. The deposited energy per unit of length (dE/dx)

is different for each kind of particle and momentum and can characterize them in

a particular medium.

The dE/dx capabilities in SciBar detector allows to identify muons from protons

as well as pions from protons. The figure 8.8 shows the dE/dx distribution for

muons, pions and protons in the SciBar detector (extracted from Monte Carlo).

Muons usually have large momenta, so they behave as minimum ionization particles

(mip). In opposite, protons are characterized by low momenta, depositing large

amount of energy (defined as heavy ionization particles). The pion particle in

our sample can behaves as a mip or heavy ionization particle, depending of its

momentum. The dE/dx technique has been used in this analysis to distinguish

protons from pions, assuming protons as heavy ionization particles and pions as

mip particles.

The particle identification cut has been performed using the cumulative function

of the dE/dx distribution corresponding to a muon (fig. 8.9). The muon cumulative

function is itself the muon confidence level (MuCL), representing the probability
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Figure 8.7: On the left, the vertex connection distribution for the 2-track sample.
On the right, the efficiency, purity and the product for different connection vertex
cuts. MC is normalized to CC-inclusive sample.

of a particle to be a mip based on its dE/dx.

The MuCL variable is then used to evaluate the probability of being a

mip particle. Figure 8.10 shows the MuCL distribution of the second track

corresponding to the 2-track sample. At the MuCL value of 0.05, one can observe

how clearly protons are separated from pions. This MuCL value is the result of

maximizing the CCQE efficiency times CCQE purity from several MuCL values

(in fig. 8.10, the right hand plot).

Note that, in figure 8.10, apart from pions, electrons and muons are also present.

The reason comes from the inefficiency reconstruction of the second track and

the way the reconstructed tracks are tagged with a true particle type. The true

information is contained in the hits of the reconstructed track. So, a reconstructed

track is tagged by looking at the highest fraction of the hits with the same true

particle type information. Some reconstruction inefficiencies in the second track

can produce the presence of other hits than the true proton ones. Those hits can

contribute to mis-identify the reconstructed particle.

In summary, the MuCL cut allows to separate quasi-elastic from non
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Figure 8.8: Typical dEdx distributions for proton, pion and muon in the SciBar
detector, extracted from MC.

quasi-elastic events1. The events with MuCL values lower and larger than 0.05

are classified in 2-track enriched QE and nonQE samples, respectively. Table 8.2

shows efficiency and purity numbers for both samples.

8.3 Reconstructed kinematics

8.3.1 Muon kinematics

Two muon kinematic variables has been analyzed in detail, the muon momentum

(Pµ) and the muon angle (θµ). This information is enough to reconstruct the

neutrino energy assuming CCQE kinematics, as later is shown. The muon angle

is directly extracted from the information reported by the reconstruction software,

calculated as the angle of the muon-track with respect to the z-direction (or beam

direction). The muon momentum has been derivated from the muon energy (Eµ).

This energy is calculated by the range and the expected energy deposition in each

one of the detectors, mathematically expressed as follows:

1The ∆Θp cut, used to separate QE from nonQE was studied as well but not considered for the
analysis (see details in appendix F)
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Figure 8.9: dEdx distribution of a typical cosmic muon (left) and the cumulative
function or confidence level associated to the muon dEdx distribution (right).

Eµ =

(
dE

dx

)

SB

× LSB +
∆EEC

0

cosθ
+ EMRD × LMRD (8.2)

where LSB and LMRD correspond to the muon track length within the SciBar

and the MRD detectors respectively. The (dE/dx)SB represents the deposition

energy per unit of length in SciBar, set to 2 MeV/cm [76]. The ∆EEC is the

energy deposited in the EC by a minimum ionizing particle crossing horizontally.

This energy is set to 91 MeV, estimated with the GEANT4 simulation. The EMRD

is calculated from a range to energy lookup table based on the MC simulation.

The muon momentum and muon angle resolutions (see figure 8.11) are around

50 MeV and 0.9 degrees. The values are calculated as the difference between the

reconstructed and the true quantity, both estimated from the MC simulation.

8.3.2 Neutrino kinematics

The neutrino energy can be reconstructed using only the muon momentum and

the muon angle information and assuming CCQE kinematics. The expression is

written as follows:
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Figure 8.10: On the left, the MuCL distribution for the 2-track sample after passing
the connection vertex cut. On the right, the the CCQE efficiency and CCQE purity
for different MuCL values. MC is normalized to CC-inclusive sample.

Erec
ν =

1

2

(m2
p −m2

µ) − (m2
n − V 2) + 2Eµ(mn − V )

(mn − V ) − Eµ + pµcosθµ

, (8.3)

where mp, mn and mµ correspond to the proton, neutron and muon mass

respectively. V is the nuclear potential set to 27 MeV[62]. In similar way, one

can derive the expression of the reconstructed momentum transfer, expressed as

follows:

Q2

rec = 2Erec
ν (Eµ − pµcosθµ) −m2

µ, (8.4)

The figure 8.12 shows the expected resolution for the reconstructed neutrino

energy and the momentum transferred for the SciBar-MRD stopped sample. Note

that two peaks are present in the energy resolution distribution. The smallest peak,

shifted from cero, corresponds to CC nonQE interactions whose energies has been

reconstructed assuming CCQE kinematics. The largest peak is slightly shifted

from cero, the reason leads on the fact that the Fermi momentum has not been

considered for reconstruction energy calculations. Just to mention that, for the

cross section measurement, the neutrino energy information does not come from

the reconstruction variable but from MC true energy templates.
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Figure 8.11: From left to right, the muon momentum and muon angle resolution
distributions for the SciBar-MRD stopped sample, extracted from MC.

8.4 1 track sample

A typical 1-track event in the SciBooNE display is shown in figure 8.13. The

muon momentum (Pµ), muon angle (Θµ), reconstructed neutrino energy (Erec
ν )

and the momentum transfer (Q2
rec) for the 1-track sample are shown in figure 8.15.

The MC is broken up in different neutrino interaction channels (see color code in

figure 8.14). The Pµ and Erec
ν variables present good data and MC agreement,

however the Θµ and Q2
rec shows a data/MC disagreement, large at high muon

angles. Alignment problems has been discarded because of the alignment resolution

is around few millimeters (see alignment section 4.5). A detailed study of muon

angle discrepancies is presented later on, in section 10.7

8.5 The 2-track QE/nonQE enriched samples

A typical event display of a 2-track QE enriched sample is shown in Figure 8.16.

The muon kinematics (Pµ, Θµ), the neutrino energy and momentum transfer (Erec
ν

and Q2
rec) have been analyzed for both, the QE and nonQE enriched samples (see

figures 8.17 and 8.18). In the case of the 2-track QE enriched sample, a significant

data/MC disagreement is observed at low Q2 region, not observed in the 2-track
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Figure 8.12: Reconstructed neutrino energy and momentum transfer resolution for
the MRD stopped sample. The black histogram represents the fraction of CCQE
events.

nonQE sample. The data excess is observed below 0.15 GeV 2, where the MC

predicts no CCQE events due to the minimum energy transfered to the proton.

The section 8.6 is dedicated to the study and explanation of such an effect.

The kinematic distributions for the 2-track nonQE sample present a good

data/MC agreement except for the total amount that, as later will be shown,

is due to the MC under-estimation of the CCπ interactions.

8.5.1 Second track kinematics

The kinematics associated to the second track has been analyzed as well, in

particular the following variables:

1. Length: The length of the second track corresponds to the three dimensional

distance between the track edges.

2. Beam angle (θp/π): Angle between the second track and the beam direction

(z-direction).

3. Opening angle (∆φpµ): Angle between the second track and the

muon-track.
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Figure 8.13: Typical SciBooNE display with the top and side view of a selected
1-track event.

4. dEdx: Energy deposited in SciBar per unit of length.

The second track kinematics for the 2-track QE and nonQE enriched samples

are shown in figures 8.19 and 8.20. In the case of the 2-track QE sample, the

data/MC disagreement observed at the at opening angles less than 60 degrees and

at high energy deposition (dE/dx) is clearly related to the data-excess observed at

low Q2
rec region.

8.6 The low Q2
rec data excess

The Q2
rec distribution for the 2-track QE enriched sample shows a data excess below

0.15 GeV 2. The data excess region has been isolated to investigate the problem,

selecting only 2-track QE-enriched events with momentum transfer Q2
rec ≤ 0.15

GeV. This sample has been called data-excess sample.

The kinematic distributions for the data-excess sample are shown in figure

8.21. In all the distribution, the expected data/MC disagreement is flat, hence no
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Figure 8.14: Color code for MC interaction channels using NEUT. The ν-Other
category includes the CC-multi pions and the deep inelastic interactions.

information can be extracted. Similar behavior has been observed in the kinematics

of the second track (see figure 8.22). That is not the case of the vertex activity

distribution, defined as the the maximum deposited energy in a strip around

the vertex, see fig.8.23. The distribution shows a good data/MC agreement at

low vertex activity but a disagreement at high vertex activity region. That fact

evidences that the events from the data excess are characterized by high vertex

activity.

The vertex activity data/MC differences could be related to the CC resonant

pion production. In this reaction, when the pion is absorbed by the nucleus, two or

more additional nucleons (like protons) could be emitted after the pion absorption,

however these nucleons are not simulated in NEUT, see sketch 8.24. Then, these

MC events would be reconstructed as 1-track events, producing the data excess

observed in the 2-track QE enriched sample. This effect, called track migration

effect, would not have an impact on the 1-track kinematic distributions because of

the low statistics in comparison with 1-track sample. Several proofs are presented

below to confirm such an argument.
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8.6.1 A cross-check using NUANCE

The NUANCE neutrino generator has been used in the MiniBooNE

collaboration[36]. Although the NUANCE models and settings are different from

the NEUT ones (see table 8.3), it will be particularly useful to check the kinematics

of the 2-track QE enriched sample with other neutrino generator. In the NUANCE

generator the nucleons emitted after pion absorption (in CCπ interactions) are

simulated.

ν-generator MQE
A kappa M1π

A EB PFermi

(GeV) (GeV) (MeV) (MeV)

NEUT 1.21 1.022 1.2 27 217
NUANCE 1.23 1.000 1.1 34 220

Table 8.3: Nuclear model settings for NEUT and NUANCE neutrino
generators.MQE

A and M1π
A correspond with the axial-vector mass for CCQE and CC

resonant interactions respectively. The EB represents the binding energy andPFermi

the Fermi momentum. Kappa is a Pauli suppression parameter added to the RFG
(see ref. MiniBooNE).

A Monte Carlo sample has been produced applying NUANCE instead of the

default SciBooNE generator (NEUT). Then, a 2-track QE enriched sample has

been selected by applying the same CCQE cuts than in the NEUT MC case (see

section 8.2). The event kinematic of this sample is shown at the figure 8.25. As

one expected, the data/mc comparison is completely different working with other

neutrino generator. In this case, the momentum transfer distribution at low region

presents a data deficit, just the opposite of what was observed using NEUT MC

(see fig. 8.17 for comparison). The same data deficit is shown in the vertex activity

distribution (fig. 8.26) when the low Q2
rec region is analyzed.

A filter has been applied to the 2-track QE enriched sample in order to check

that the data excess observed in NEUT MC can be reproduced with NUANCE.

The filter removes CC1π candidates where the π’s generate at least one proton (like

the ones of the sketch 8.24). The filter is very simple and of course not rigorous but

is enough to reproduce the similar effect than the one observed in NEUT. Figure

8.27 shows the kinematics of the 2-track QE enriched sample after applying this

filter and the Q2
rec distribution presents similar data/MC discrepancies than using
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NEUT MC.

The NUANCE checks suggest that the data excess observed at lowQ2
rec region in

the 2-track QE enriched sample is a problem derivated from the NEUT simulation.

Nowadays several modifications are being carried out over the NEUT code in order

to correct the CCπ candidate related effect. Although it is still very preliminary

and needs careful checks, the modified NEUT code would confirm our arguments

as figure 8.28 shows.

In summary, the non-simulated NEUT effect produces a migration effect in the

MC. Some 2-track nonQE MC events would migrate to 1-track sample, generating

a data excess observed in the 2-track QE enriched sample. This migration effect

will be taken into account and hence evaluated for the the final measurement of

the cross section.
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Figure 8.15: Muon (Pµ, θµ) and event (Eν , Q
2) kinematic distributions for 1-track

sample. Right hand plots shows data/MC ratio of each distribution. MC is
normalized to the CC-inclusive sample.
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Figure 8.16: Typical SciBooNE display with the top and side views of a selected
2-track QE event.
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Figure 8.17: Muon (Pµ, θµ) and event (Eν , Q
2) kinematic distributions for 2-track

QE enriched sample. Right hand plots shows data/MC ratio of each distribution.
MC is normalized to the CC-inclusive sample.
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Figure 8.18: Kinematic distributions for the 2-track nonQE-enriched sample. MC
is normalized to CC-inclusive sample.
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Figure 8.19: Second track kinematics distributions (dEdx,length,φpµ, θp) for the
2-track QE enriched sample. Right hand plots shows data/MC ratio of each
distribution. MC is normalized to the CC-inclusive sample.
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Figure 8.20: Second track distributions for the 2-track nonQE-enriched sample.
Right hand plots shows data/MC ratios. MC is normalized to CC-inclusive sample.
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Figure 8.21: Muon and neutrino kinematic distributions corresponding to the data
excess sample (see text for details). MC is normalized to CC-inclusive.
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Figure 8.22: Second track kinematics distributions corresponding to the data excess
sample (see text for details). MC is normalized to CC-inclusive.
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Figure 8.23: Vertex activity corresponding to the data excess sample (see text for
details). MC is normalized to CC-inclusive sample.
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Figure 8.24: Picture of a CC resonance interaction with the pion re-interacting
inside of the nucleus. The secondary produced particles are not simulated in
NEUT.
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Figure 8.25: The 2-track QE enriched sample kinematic distributions with MC
generated using NUANCE. MC is normalized to CC-inclusive sample.
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Figure 8.26: Vertex activity distribution for the 2-track QE enriched sample for
events with Q2 < 0.15GeV 2. Data is compared with the NUANCE MC, normalized
to CC-inclusive sample.
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Figure 8.27: 2-track QE enriched sample kinematic distributions using NUANCE
generator after subtracting the events described in the missing MC effect. MC is
normalized to CC-inclusive sample.
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Figure 8.28: Q2 distribution for the 2-track QE enriched sample using the modified
NEUT. MC is normalized to the CC-inclusive sample.
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Chapter 9

Measurement of the absolute

CCQE cross section (σνµ(Eν))

This chapter presents a fit technique developed to determine the CCQE absolute

cross section as a function of the neutrino energy. Different fit checks to evaluate

the robustness of the fit are described in this chapter.

9.1 Introduction

The absolute CCQE cross section has been determined by extracting the

information from a data/MC comparison,

NDATA = a ×NMC ×
(
POTdata

POTMC

)

, (9.1)

where a represents the difference between data and MC. Here the MC has

been normalized to the number of proton on target from data, expressed in

the normalization factor (POTdata/POTMC). The main interest of data/MC

comparison is to extract the true neutrino energy variations. For such a reason,

the parameter a becomes a function of the Etrue
ν , a = a(Etrue

ν ). A data/MC fit has

been designed to obtain the information contained in the a parameters(explained

in the next section).

The equation (9.1) can be expressed in terms of the flux (φ) and the cross

section (σ) as follows:
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φDATA × σDATA(Etrue
ν ) = a(Etrue

ν ) × φMC × σMC(Etrue
ν ), (9.2)

where the normalization factor has been absorbed in the parameter a. Since

the flux is assumed to be well predicted[59], although flux variations will be treated

as systematic errors, the equation (9.2) can be simplified as follows:

σDATA(Etrue
ν ) = a(Etrue

ν ) × σMC(Etrue
ν ), (9.3)

where a represents basically the variations on the cross section. Therefore, the cross

section from data can be expressed, in each neutrino energy bin, as the predicted

cross section modified by a factor a.

9.2 Fit Method

A fit method has been implemented to extract the true neutrino energy data/MC

variations from the quasi-elastic events. The fit uses three samples, the 1-track and

the 2-track QE and nonQE samples. Although the CCQE signal is concentrated

in the first two samples, the last one is included to provide additional background

information to the fit. These three samples are treated independently within the

fit, such that, the total minimization function, described later, is built up as the

sum of the minimization functions of each sample. In that way, the 1-track sample

provides the largest statistics and the QE and nonQE enriched samples allow a

better control of the signal and the background during the fit process.

9.2.1 MC templates

To perform the fit, the MC is divided in several templates which contain the

variables to be fitted. The MC template is built up with observable variables

corresponding to the reconstructed muon momentum (pµ) and reconstructed muon

angle (θµ ). The MC is broken up in QE (signal) and nonQE (background)

components. The QE component is divided, at the same time, in true energy

bins. Mathematically, the MC can be written as follows:

NMC
ij =

∑

k

NQE(pµ
i , θ

µ
j ;Etrue

ν,k ) +NnonQE(pµ
i , θ

µ
j ). (9.4)
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The figures 9.2, 9.3 and 9.4 show the (pµ, θµ) MC templates corresponding to the

QE components for the 1-track and 2-track QE and nonQE samples, respectively.

The true neutrino energy has been divided in 10 bins, from 0 to 2 GeV.

The (pµ, θµ) MC templates for the nonQE component are shown in the figure

9.5. In all the cases, the Monte Carlo templates are normalized to the number of

protons on target (POT) generated in data. This normalization is necessary to

evaluate an absolute neutrino cross section. The appendix E shows the kinematic

distributions for the sample selection with POT normalization.

Since the fit compares MC templates with data, the data is represented by

(pµ, θµ) structures as well, see figure 9.1.

9.2.2 Minimization function

The data/MC fit works with a binned likelihood function, assuming that observed

events N obs
ij , with expected values N exp

ij , follows a Poisson distribution. The

likelihood function is maximized based on the contents of the bins (i and j label

bins). This is equivalent to maximize the likelihood ratio[76]:

λ =
P
(
N obs

i,j , N
exp
i,j

)

P
(
N obs

i,j , N
obs
i,j

) , (9.5)

where P(n,ν) represents the Poisson probability to find n events with expected

value ν,

P (n, ν) =
νne−ν

n!
. (9.6)

The maximization of the equation (9.5) is equivalent to the minimization of the

following quantity:

Fmin = −2lnλ = 2 ×
∑

ij

[

N exp
ij −N obs

ij +N obs
ij × ln

(

N exp
ij

N obs
ij

)]

, (9.7)

where the Poisson probability equation (9.6) has been included and N exp
ij and

N obs
ij correspond to the number of MC and data events represented in bins of

reconstructed muon momentum (pµ
i ) and reconstructed muon angle (θµ

j ).
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9.2.3 Fit parameters definition

The fit method introduces free parameters to extract the data/MC differences.

The free parameters have been added to the MC, using the equation (9.4), in the

following way:

N exp
ij = FN

[
n=10∑

k

akN
QE,k
ij ,+abckN

nonQE
ij

]

(9.8)

A total of twelve free parameters defines the equation (9.8). The abck is a

global parameter which delivers information about the non-QE contamination.

Ten of them are neutrino energy dependent parameters (a1, a2....., a10). Each of ak

is associated to a different true neutrino energy bin and returns the true neutrino

energy data/MC variation for the QE components. These parameters contain the

essential information to evaluate the CCQE absolute cross section (see eq. (9.3)).

The ak corresponding to the energy bin [0.8,1] GeV has been fixed to the unity.

Such a constraint allows that ak’s report neutrino energy shape only variations.

The FN times each ak gives us the absolute variation between data and MC at the

energy bin.

The a0 parameter is fixed to the unity as well because no data nor MC

information are present at the energy region below 0.2 GeV, see figure 9.6.

An additional parameter (α) is included to correct the migration effect present

in the MC, as was described in section 8.6. This parameter evaluates the fraction

of 1-track nonQE events that should be reconstructed as 2-track nonQE events in

the 2-track QE enriched sample. Therefore, α is inserted on the following way:

NnonQE
ij,1−track = (1.− α) ×NnonQE

ij,1−track, (9.9)

NnonQE
ij,2−track QE = NnonQE

ij,2−track QE + α×NnonQE
ij,1−track. (9.10)

Finally, only eleven parameters are free within the fit (eight ak’s and the abck,

FN and α) and all of them are initially set to the unity except α that is set to zero.

The absolute CCQE cross section determined by the data can then be written,

using equation (9.3), in the following way:

σνµ
(Ek

ν ) = FN × ak × σpred
νµ

(Ek
ν ) (9.11)
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where the index k represents the true neutrino energy bin and σpred
νµ

(Ek
ν ) is

the value of the absolute cross section predicted by NEUT. Once again, one can

observe the role of the ak parameters, re-weighting the predicted cross section for

each neutrino energy bin.

9.3 Goodness of the fit

When the fit process is running, the free parameters varies to achieve a value

which minimizes the likelihood function (Fmin). Figures 9.7 and 9.8 show the

scanning of the convergence process for each fit parameter. In all the cases, a

smooth variation around the minimum value is observed, without additional local

minima. The Fmin/dof quantity takes values of 2.47 and 1.7 before and after the

fit, respectively, with an improvement of around 30%.

Another check was implemented to evaluate the robustness of the fit method.

The check is based on running the fit using MC instead of data (”fake data”). The

results show a convergence of the fit parameters around the unity (see figure 9.9),

except at high energies due to low statistics. Details of the calculations can be

found in appendix D.

9.4 Results

The table 9.1 shows the values of the free parameters after the fit. The α factor

takes a value of 0.03, which indicates that a fraction around 3% of the nonQE

1-track events should migrate to the 2-track QE enriched sample. The abck value

points out that the background in MC is under-estimated in around 37%. However,

one must be careful because of the strong anti-correlation of this parameter with

the Fn factor (around 88%), as figure 9.10 shows and in general the correlation of

each parameter with respect to the rest of them (the global correlation), shown in

table 9.2.

The absolute νµ-CCQE cross section per nucleon is then extracted using fit

parameters values in the equation (9.11). Figure 9.11 shows the absolute νµ-CCQE

cross section per nucleon, with only statistic errors, as a function of the neutrino

energy (tabulated values in 9.3). The agreement between data and the NEUT

predictions, just based on statistical errors, is pretty good on the energy region
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fit parameter value stat. error

a0 1.0 fixed
a1 1. 2.0
a2 2.73 0.12
a3 1.01 0.06
a4 1. fixed
a5 1.09 0.07
a6 1.01 0.07
a7 1.04 0.14
a8 0.6 0.3
a9 2.6 0.6
abck 1.37 0.07
FN 1.02 0.04
α 0.030 0.007

Table 9.1: Values of the free parameters after the fit.

between 0.6 and 1.6 GeV. In others energy regions, the data is compatible with

predictions at only one sigma variation. The exception is present in the energy

interval from 0.4 to 0.6 GeV. The evaluation of systematic errors will supply better

understanding on this energy region.

9.5 Monte Carlo re-weighted

The robustness of the fit results can be checked again by comparing the kinematic

distributions with the MC before and after the fit. The MC after the fit correspond

to the MC where the events have been re-weighted with the fit parameters according

to the equations (9.8) and (9.10). Figure 9.12 shows the kinematic distributions

for the 1-track sample. The figure compares data with MC before and after the fit.

The χ2/ndf values are shown in table 9.4. In this case, the data/MC agreement has

improved after the fit but not significatively, as shows χ2/ndf values in table 9.4.

The reason comes from the discrepancy in the muon angles, which is still present

after weighting the events with the fit parameters. This effect will be analyzed and

evaluated as a systematic in the following chapter.

A very good data/MC agreement is observed in the kinematics of the 2-track
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fit parameter Eν-bin global correlation
(GeV) (%)

a0 0.1 fixed
a1 0.3 51.1
a2 0.5 66.8
a3 0.7 85.7
a4 0.9 fixed
a5 1.1 87.9
a6 1.3 71.6
a7 1.5 69.4
a8 1.7 60.2
a9 1.9 60.8

abck - 96.4
FN - 98.2
α - 52.4

Table 9.2: Global parameter correlation.

QE enriched sample, even the data excess problem at low Q2 region has been

resolved using the MC after the fit. See χ2/ndf values as well in table 9.4. Good

agreement is observed in kinematics for the 2-track nonQE enriched sample (see

9.14), where the total amount of events is now compatible with the MC after the

fit.



104 CHAPTER 9. Measurement of the absolute CCQE cross section (σνµ
(Eν))

Etrue
ν σCCQE

ν stat. err. rel. err.
(GeV) 10−38cm2/nucleon 10−38cm2/nucleon (%)

0.3 0.3 0.5 166
0.5 0.11 0.05 45
0.7 0.48 0.02 4.2
0.9 0.52 0.02 3.8
1.1 0.58 0.02 3.4
1.3 0.55 0.03 5.5
1.5 0.57 0.07 12.3
1.7 0.33 0.17 51.5
1.9 1.4 0.4 28.6

Table 9.3: Cross section values with statistical errors.

1-track sample

variable ndf χ2
before χ2

after

Pµ 15 172.15 21.97
Θµ 17 317.40 264.37
Erec

ν 18 212.14 101.39
Q2

rec 20 356.94 280.08

2-track QE sample

variable ndf χ2
before χ2

after

Pµ 13 82.25 13.38
Θµ 16 118.38 27.70
Erec

ν 17 94.43 18.49
Q2

rec 20 161.15 48.53

2-track nonQE sample

variable ndf χ2
before χ2

after

Pµ 13 96.97 28.23
Θµ 16 88.28 21.40
Erec

ν 18 94.28 23.63
Q2

rec 20 96.15 35.48

Table 9.4: Table comparison of the χ2 value before and after the fit.
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Figure 9.1: Data (Pµ, θµ) distributions for the 1 track and 2-track QE and nonQE
samples.
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Figure 9.2: Monte Carlo (Pµ, θµ) distributions for the quasi-elastic component of
the 1-track sample, divided in true neutrino energy bins, from 0-2 GeV. MC is
normalized to POT.
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Figure 9.3: Monte Carlo (Pµ, θµ) distributions for the quasi-elastic component,
divided in true neutrino energy bins and corresponding to the 2-track QE sample.
MC normalized to POT.
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Figure 9.4: Monte Carlo (Pµ, θµ) distributions for the quasi-elastic component,
divided in true neutrino energy bins and corresponding to the 2-track nonQE
sample. MC normalized to POT.
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Figure 9.5: Monte Carlo (Pµ, θµ) distributions corresponding to non quasi-elastic
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Figure 9.9: νµ-CCQE absolute cross section per nucleon as a function of the
neutrino energy using fake data. Red line corresponds to the NEUT predictions
and black dots to fake data with statistic errors added.
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Figure 9.12: 1-track kinematic distributions with the MC before (red line) and
after (black line) the re-weighting. MC is POT normalized.
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Figure 9.13: 2-track QE kinematic distributions with the MC before (red line) and
after (black line) the re-weighting. MC is POT normalized.
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Figure 9.14: 2-track nonQE kinematic distributions with the MC before (red line)
and after (black line) re-weighting. MC is POT normalized.
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Chapter 10

Systematic Errors

This chapter describes the systematic sources affecting the measurement of the

absolute CCQE neutrino cross section. The sources are divided in five categories:

the neutrino beam, the detector response, the neutrino interaction model, the

nuclear effects and the muon angle discrepancies. This chapter analyze each one

of these systematic sources.

10.1 Technical description

The systematic errors have been evaluated through of Monte Carlo systematic

variations. Two different techniques have been adopted to reproduce those

variations. The first one is based on the MC event re-weighting and the second is

just the MC production with the corresponding parameter variation. Uncertainties

associated to detector response have been evaluated with the late technique.

The weight is a factor associated to each event and represents the interaction

probability for a neutrino passing through the SciBar detector. This probability is

evaluated taken into account different factors like the neutrino mean path, the

detector density and the cross section. Technically, this weight is used when

histograms has to be fill up, like the (pµ, θµ) MC templates. In the MC weighting

technique, an additional factor is added to the nominal event weight in order to

get the MC systematic variation.

The factor that introduces the systematic variation is calculated in a different

way depending of the systematic source. However, the most general form is to
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assign an event weight that corresponds with the ratio between the varied quantity

and the quantity at nominal values. The flux uncertainties, for instance, have

been evaluated using this technique. Here, cross section ratios (σvaried/σnominal)

determine the event weight associated to the uncertainties in the π-production, one

of the uncertainty sources of the neutrino beam. Systematic uncertainties related

to neutrino interaction model and nuclear model have been evaluated with this

technique.

After applying the systematic variation to the MC, via event re-weighting or

via MC generation, (pµ, θµ) templates with the MC variation are re-generated.

The new MC templates are fitted to the data, such that, the resulting cross

section contains the systematic variation (σvar). Therefore, the systematic error

is evaluated as the difference between the σvar and the cross section obtained

using nominal values (σNom). The systematics associated to the abck, FN and α

parameters are calculated in the same way.

10.2 The Monte Carlo statistics

The MC statistics has been included as a systematic uncertainty because of the

effect in the fit technique. The systematic associated to MC statistics is evaluated

using the fit technique. Here, the fit does not compare data/MC but MC/MC. The

statistical errors of the resultant cross section represents the systematics associated

to the MC statistics (see figure 10.1).

The table 10.1 shows the relative errors associated to the MC statistics. Large

errors are present at low and high energies, as expected.

Small variations of the MC templates, i.e. variations of the (pµ, θµ) bin

content, can affect the data/MC fit. When the (pµ, θµ) template is modified,

the fit parameters fluctuates to a different value, as one expects. However, the

fluctuation takes large values when the fit works with low MC statistics, as figure

10.2 shows. This effect is in part due to the correlation between parameters, small

variations in parameters with high statistics can be translated in large variations

to fit parameters with low statistics.

The evaluation of a systematic uncertainty is based on modifications of the

(pµ, θµ) templates. Therefore, large parameter fluctuations around low and high

neutrino energies are expected because of the low MC statistics and parameter
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Figure 10.1: CCQE absolute cross section obtained from a MC versus MC fit,
instead of a data/MC fit. The errors shown represent the systematic associated to
the MC statistics.

correlation at these energy regions.

10.3 Neutrino beam

The prediction of the neutrino flux has uncertainties derivated from the hadronic

interactions of the protons with the Beryllium target, the prediction of π±/K±

production in p-Be interactions and the horn magnetic field model, see details in

section 5.1.

Uncertainties in the p-Be interactions have been considered by varying the

components of the hadronic cross sections (elastic and quasi-elastic scattering).

This uncertainties produces a flux variation of ∼ 2.8%.

The prediction of π±/K± production is based on the Sanford-Wang and the

Feynman scaling models (see section 5.1). The uncertainties in the prediction

are extracted from the covariance matrix produced by fitted parameters (HARP

results[45]) used in the parameterization models. This process represents the

dominant uncertainty source in the neutrino beam, producing a variation in the

flux of ∼ 14.7%. Much of the uncertainty arises not from the accuracy of the
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Ebin
ν absolute err. relative err.

(cm2/nucleon)
(GeV) (×10−38) (%)

0.3 0.13 43.3
0.5 0.012 10.9
0.7 0.005 1.3
0.9 0.004 0.8
1.1 0.005 0.9
1.3 0.007 1.3
1.5 0.014 2.5
1.7 0.04 12.1
1.9 0.07 5.0
abck 0.011 0.8
FN 0.0010 0.9
α <0.0001 <0.0001

Table 10.1: Systematic uncertainties associated to the Monte Carlo statistics.

measurements but from the parameterization models used to predict the cross

sections.

The electric current supplied to the horn corresponds to 170 kA. This current

flows through the horn surface, yielding a strong magnetic field which focuses

the meson production. However, some other charge can penetrates into the

inner conductor, modifying the magnetic field. This effect, so-called ”skin

effect”, together with the horn current resolution (±1kA) have been evaluated as

beam systematic sources. The horn magnetic field model uncertainties produce

a variation in the neutrino flux of ∼ 2.2%. Technical details of uncertainty

calculations can be found in ref. [59].

Figure 10.3 shows the νµ flux for the SciBooNE detector. The filled squares

represents the uncertainties from beam systematics. The triangle points indicates

the default MC used in this analysis. The observed error asymmetry is consequence

of the complex parameterization of the Sanford-Wang and the Feynman scaling

models. The high energy flux errors comes from uncertainties in the Kaon decays.

The beam systematics represents around 15% of the flux variation, dominated by

the π-production uncertainties.

Table 10.2 shows the systematic errors of the cross section associated to flux
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Figure 10.2: CCQE absolute cross section using MC’s with different statistics.
Green dots use MC with 1/4 the nominal MC statistics. Red dots use MC with
1/2 the nominal MC statistics. Line corresponds with the NEUT predictions.

variations. Errors for abck, FN and α are also shown. The intermediate energies

(0.6 to 1.6 GeV) present a mean error around 12.4%. The low statistics at low

energies and the high flux systematic errors at high energies explain the large errors

observed in these energy regions.

Figure 10.4 shows the correlation error matrix associated to the cross section for

flux variations. A high anti-correlation is observed between high and low energies.

This effect is related to the CC resonant interactions. At high true energies, the

CCπ events have associated low reconstructed muon momentum and high scatter

angle, populating the (pµ, θµ) regions characteristic from CCQE interactions at low

energies. This effect relates the low and high energies.

10.4 Detector response

Uncertainties related to the detector response have been considered. For the

SciBar detector, the following uncertainties have been estimated: PMT resolution,

cross-talk simulation, scintillation quenching effect and hit threshold resolution.

Different Monte Carlos have been generated to reproduce each effect. Detector



122 CHAPTER 10. Systematic Errors

Figure 10.3: Monte Carlo predictions for the νµ flux in the SciBooNE detector.
The filled bands represents the uncertainties from beam systematics.

response variations affect directly to the track reconstruction efficiency, modifying

the track length and even the particle identification values (MuCL).

Uncertainties related to the energy deposition in the different detectors (SciBar,

MRD and EC) can modify the muon momentum scale. This uncertainty has been

considered as well.

1. PMT resolution

The resolution of a single photo-electron (p.e.) in a MA-PMT is set to 50%

in the simulation. This resolution has been selected by reproducing dEdx

distributions of cosmic-ray muons. In the laboratory, the measured PMT

resolution was around 70% at our operation gain. Therefore, the a variation

of ±20% has been considered.

2. Crosstalk of the MA-PMT

The amount of crosstalk in a MA-PMT was measured in the laboratory. The

results shown that a 3.15% of the light was going to the adjacent channels,

with an absolute error of 0.4%. So one sigma variation has been considered

in the simulation to evaluate that systematic uncertainty.

3. Scintillator quenching
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Figure 10.4: Cross section correlation error matrix associated to flux variations.

The simulation of the scintillator quenching effect, already described in

section 4.1.1, has a systematic uncertainty associated to the error in the Birk

constant (0.0208±0.0023 cm/MeV) (see equation (4.1)). One sigma variation

has been applied to the simulation in order to evaluate this systematic.

4. Hit threshold for track reconstruction

The track reconstruction software set the hit threshold in 2 photo-electrons.

The photo-electrons quantity is converted to energy using conversion

factors (determined channel by channel with cosmic muons). The

channel-by-channel variation is approximately of 20%. Then, a variation of

±0.4 p.e. in the hit threshold has been applied to simulate the non-uniformity

of this threshold.

5. Muon momentum scale

The muon momentum is calculated, as mentioned the section 8.3.1, by the

range and the energy deposition per unit of length (dEdx) at SciBar, EC and

the MRD detectors. Uncertainties in the range or dEdx produce different

muon momentum values. This uncertainty, called muon momentum scale,

has been evaluated.

In the SciBar detector, laboratory measurements of the scintillator strip
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density were done. Such measurents obtained an accuracy of 1%. For

the MRD detector, the thickness of each steel plate was measured with

uncertainty estimated of 1%. The density of a steel plate was also measured

at several positions, obtaining an uncertainty less than 0.1%. In the EC

detector, the stopping power was estimated to be 10%. However, the largest

uncertainty comes from the difference in the calculation of the mean energy

loss between the GEANT4 simulation and the pdg values[76], around 2%.

The final muon momentum scale variation is of ±2%.

Table 10.3 shows the cross section systematic errors associated to detector

response variations. The errors at low and high energies are specially large because

in this case, each systematic uncertainty has been evaluated by generating new MC

templates (not just by re-weighting the nominal MC). That effect introduces large

errors at high and low energies (see section 10.2).

10.5 Neutrino interaction model

In the neutrino interaction model (based on NEUT), the axial-vector mass for both

CCQE and resonant π production are set to 1.2 GeV. The uncertainty in this value

is estimated to be ±0.1 GeV, extracted from recent measurements [36],[34]. Hence,

a ±0.1 GeV variation is considered for systematic evaluation.

The CCQE cross section depends directly on the CCQE axial-vector mass

(MQE
A ) such that, variations on MQE

A can produce distortions of the own CCQE

cross section measurement. So in this case, shape only variations have been

considered. The procedure consists on normalizing the events of the new MC

templates, where systematic variation has been added, to the events of the MC

templates with nominal values.

Systematic effects associated to the MCCπ
A and CC resonant cross section

variations are considered. Both systematics sources produces variations of the

CCQE background. So both have been treated in different way to avoid duplication

of the same effect. Uncertainties in the MCCπ
A , with ±0.1 GeV variation, look for

shape only variations in the cross section meanwhile uncertainties in CCπ cross

section (±20%) measures absolute variations. In the last case, the abck has absorbed

much of the variation (see table 10.4), successfully testing the role of this parameter

within the fit.
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Table 10.4 shows systematic errors of the CCQE cross section measurement

corresponding to variations of the neutrino interaction model parameters (MQE
A ,

MCCπ
A and σCCπ

ν ). The low energies (0.3 and 0.5 energy bins) are characterized

by large errors, dominanted by the systematic variation of the CC resonant cross

section.

10.6 Nuclear model effects

The hadrons produced in neutrino interactions can rescatter inside of the target

nucleus. This nuclear effect can modify the final hadron kinematics. The nuclear

effects simulated in the MC have been systematically varied to evaluate the influcen

in the cross section measurement.

The MC simulates nuclear effects coming from pion absorption, inelastic

interactions and charge exchange, where the charge of the pion final state differs

from the initial. The proton scattering inside the nucleus and the Fermi momentum

(PFermi) has been simulated. These effects have been systematically varied to

evaluate the influence over the cross section measurement.

The table 10.5 shows the systematic errors associated to nuclear model effects.

As expected, low neutrino energies are affected significantly by nuclear effects

variations. At low energies, small variations of the kinematics of the outgoing

pion and proton, can increase or decrease the number of reconstructed tracks.

10.7 Muon angle discrepancies

A particular data/MC discrepancy has been observed in the muon angle only for the

1-track sample (see 8.15). The muon angle discrepancy is still present even using

the MC after the fit (introducing the fit parameters) and adding the systematics

errors (see figure 10.5).

The muon angle discrepancy tends to be higher at higher angles, like following

a linear dependency. Similar discrepancies are observed in muon momentum when

the distribution is plotted for different muon angle cuts, as figure 10.6 shows. Since

the dominant statistics in the muon momentum distribution are concentrated at

low muon angles (see 10.6), the muon momentum discrepancy is apparently hidden.
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Figure 10.5: Muon angle distribution for 1-track sample. The data is compared
with MC before and after the fit. Systemtic errors are included in MC after the
fit.

With muon momentum and muon angle, one can reconstruct the neutrino

energy and the momentum transfer of the event. Figure 10.7 shows the data/MC

ratio in the phase space of Q2
rec versus Erec

ν . The obsereved discrepancy is more

visible along the Q2
rec than the Erec

ν . Therefore, instead of analyzing the muon angle

discrepancy, one should be focused on the Q2
rec discrepancy. Since the 1-track

sample dominates statistically at low Q2
rec regions (below 0.2 GeV 2), we could

relate this effect to the data defficit observed at low momentum transfer in other

neutrino experiments like K2K[35] and MiniBooNE[36]. Note that, in our sample,

data defficit is observed at low momentum transfer for 1-track sample as well (see

figure 8.15).

The low Q2
rec region has been historically an area of great model uncertainty,

where nuclear effects become dominant. The relativistic Fermi gas model, used in

K2K, MiniBooNE and SciBooNE, has demonstrated limitations to explain data

at low Q2
rec regions. In the case of the K2K experiment, the low Q2

rec region

was excluded for the MA-analysis[35]. However, since MiniBooNE and SciBooNE

works at lower neutrino energies, the low Q2
rec region is highly populated. The

MiniBooNE MA-analysis[36] introduced a modification in the relativistic Fermi gas
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model, parametrizing the Pauli blocking suppression. Nowdays, several efforts are

underway to incorporate better models beyond the Fermi gas model, like spectral

functions[38, 40] and related models which take into account correlations between

nuclei in the nuclear target.

Sicne the low Q2
rec is not well represented in the MC, a modification in the

Q2
rec produces a change in efficiencies through detector acceptance that affects

the measurement. For such a reason, the Q2
rec discrepancy has been treated as a

systematic associated to the cross section measurement. The systematic has been

evaluated in the following way:

1. Fit method: The data/MC differences has been extracted through a linear

fit in the Q2
rec data/MC ratio (MC is POT normalized):

with extracted linear parameters p0 = 0.95 ± 0.02 and p1 = 1.07 ± 0.11.

2. Data/MC comparison: The MC events have been re-weighted using extracted

linear parameters. The same MC has been normalized to MC with nominal

values in order to reflect only MC shape differences. Figure 10.8 shows

the kinematic distributions for 1-track sample before and after the MC

re-weighting. All the kinematic distributions present better data/MC

agreement after the linear fit.
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3. Goodness of the fit: Assuming Poisson statistics, likelihood values for

the kinematic distributions before and after the MC tunning have been

calculated:

variable Lbefore Lafter

Pµ 94.03 42.25

Θµ 189.88 28.09

Erec
ν 117.56 28.84

Q2
rec 231.37 24.56

4. Systematic evaluation: the cross section using the MC re-weighted is

extracted and compared with cross section using nominal values. The

differences correspond with the systematic errors.

The table 10.6 shows the systematic errors associated to Q2
rec discrepancies.

Large systematic errors appear at low energies (below 0.6 GeV), as expected

because low neutrino energies cover low Q2 regions (see figure 10.9) where nuclear

effects are dominant. The α parameter has a 30% relative error because the

parameter itself measures migration events at low Q2 region.

10.8 Summary

Figure 10.10 shows the contribution (relative errors) of the different systematic

uncertainties within the different energy bins (for the tabulated form see 10.7).

The low and high energies have large systematic errors in part, due to the already

mentioned effect related with large fluctuations around low MC statistics (see

section 10.2). In some sense, the evaluation of systematics at these energies could

be over-estimated. This effect can be reduced by increasing the MC statistics in

the energy tails, as later is shown. At intermediate energies, the flux systematic

errors become dominant, with around 12% of mean relative error.
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Ebin
ν absolute err. relative err.

(cm2/nucleon)
(GeV) (×10−38) (%)

0.3 0.2 66.7
-0.19 63.3

0.5 0.04 36.4
-0.03 27.3

0.7 0.05 10.4
-0.04 8.3

0.9 0.05 9.6
-0.04 7.7

1.1 0.05 8.6
-0.05 8.6

1.3 0.06 10.9
-0.07 12.7

1.5 0.12 21.1
-0.11 19.3

1.7 0.14 42.4
-0.11 33.3

1.9 0.4 28.6
-0.3 21.4

Ebin
ν absolute err. relative err.

(GeV) (%)

abck 0.11 8.0
-0.11 8.0

FN 0.09 8.9
-0.08 7.9

α 0.0009 3.1
-0.0008 2.8

Table 10.2: Flux systematic variations associated to the CCQE cross section (top
table) and to other fit parameters (bottom table).
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Ebin
ν (GeV) Birk PMT-res. xtalk Hit thres. Pscale subtotal

0.3 0.12 0.02 0.3 0.11 0.006 0.3
0.5 0.008 0.010 0.009 0.018 0.002 0.02
0.7 0.009 0.006 0.00013 10−6 0.009 0.014
0.9 0.001 0.008 0.00005 0.002 0.010 0.013
1.1 0.012 0.012 0.008 0.001 0.011 0.02
1.3 0.016 0.004 0.02 0.001 0.011 0.03
1.5 0.05 0.02 0.07 0.003 0.011 0.09
1.7 0.1 0.07 0.3 0.02 0.007 0.3
1.9 0.19 0.12 0.4 0.2 0.03 0.5

abck 0.013 0.02 0.018 0.04 -0.00010 0.05
FN 0.002 0.015 0.0001 0.005 0.020 0.03
α 0.005 0.003 0.0010 0.003 -0.000 0.006

Table 10.3: Detector response systematic errors. Dimensions for errors associated
to cross sections are (10−38cm2/nucleon). The abck,FN and α are dimensionless.
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Ebin
ν (GeV) MQE

A MCCπ
A σCCπ

ν subtotal relative err.(%)

0.3 -0.08 -0.09 0.4 0.5 171.4
0.06 0.09 -0.4 -0.6 203.2

0.5 -0.0019 -0.011 0.02 0.03 29.1
-0.0004 0.012 -0.018 -0.04 38

0.7 0.004 -0.005 -0.009 -0.005 1.7
-0.005 0.006 0.011 0.008 2.3

0.9 0.003 -0.006 -0.008 -0.006 1.7
-0.004 0.007 0.010 0.008 2.2

1.1 0.004 -0.005 -0.006 -0.005 1.4
-0.005 0.006 0.008 0.007 1.8

1.3 0.007 -0.006 -0.005 -0.004 1.8
-0.008 0.006 0.006 0.005 2.0

1.5 -0.0003 -0.011 -0.004 -0.003 2.
0.0011 0.013 0.005 0.007 2.6

1.7 -0.008 -0.02 0.0019 -0.005 6.7
0.004 0.016 0.003 0.002 5.03

1.9 0.05 -0.05 -0.010 -0.002 5.05
-0.05 0.06 0.014 0.02 5.8

abck -0.019 0.04 0.03 0.15 10.7
0.02 -0.06 -0.04 0.19 13.9

FN 0.006 -0.013 -0.015 0.018 1.8
-0.007 0.015 0.019 0.023 2.27

α 0.0011 -0.0005 0.0011 0.002 8.06
-0.0014 0.0006 -0.0011 0.003 11.6

Table 10.4: Systematic errors associated to neutrino interaction model parameters.
The errors dimensions are (10−38cm2/nucleon). The abck, FN and α are
dimensionless.
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Ebin
ν (GeV) π-absorp. π-inel. charge exch. PFermi p-scat subtotal rel. err(%)

0.3 -0.07 -0.04 -0.03 0.06 0.04 0.11 37.4
0.08 0.02 0.03 -0.06 -0.05 0.12 39.2

0.5 -0.02 -0.005 -0.002 0.004 0.005 0.03 19.7
0.03 0.003 0.0019 -0.004 -0.005 0.03 28.07

0.7 -0.014 -0.002 -0.0013 0.008 -0.0015 0.016 3.4
0.014 0.002 0.0013 -0.008 0.0013 0.016 3.4

0.9 -0.012 -0.0019 -0.0006 0.006 -0.002 0.013 2.6
0.012 0.0017 0.0006 -0.006 0.002 0.013 2.6

1.1 -0.008 -0.001 -0.0009 0.006 -0.002 0.010 1.8
0.008 0.0007 0.0009 -0.006 0.0018 0.010 1.8

1.3 -0.009 -0.0019 -0.0004 0.005 -0.0016 0.010 1.9
0.009 0.0019 0.0004 -0.004 0.0014 0.010 1.8

1.5 -0.002 0.0008 -0.0008 -0.008 -0.007 0.011 1.9
0.0018 -0.0002 0.0010 0.010 0.007 0.012 2.2

1.7 0.00004 -0.009 0.004 0.03 -0.0004 0.04 9.6
0.006 0.008 -0.004 -0.04 0.0005 0.04 12.6

1.9 -0.007 0.03 0.0005 -0.03 -0.03 0.06 3.8
0.002 -0.03 -0.00013 0.04 0.03 0.06 4.2

abck 0.05 0.017 0.009 -0.02 -0.0018 0.06 4.2
-0.05 -0.008 -0.008 0.02 0.004 0.06 4.03

FN -0.02 -0.004 -0.0012 0.012 -0.004 0.03 2.4
0.02 0.003 0.0012 -0.011 0.004 0.03 2.3

α -0.0019 -0.0003 -0.0001 -0.0005 0.002 0.003 12.4
0.002 0.0004 0.0002 0.0005 -0.002 0.003 12.7

Table 10.5: Systematic errors associated to nuclear model effects. The errors
dimensions are (10−38cm2/nucleon). The abck, FN and α are dimensionless.
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Figure 10.6: 1-track Pµ distribution for different cuts in the muon angle. Right
hand plots shows data/MC ratio of distributions.
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Figure 10.7: Data/MC ratio for 1-track events in the Q2
rec, E

rec
ν phase space. The

arrow indicates that the Q2
rec variable contains the data/MC discrepancy.

Ebin
ν Q2-discrep. err. relative err.

(GeV) (10−38cm2/nucleon) (%)

0.3 1.2 400
0.5 0.11 100
0.7 0.013 2.7
0.9 0.002 0.4
1.1 0.002 0.3
1.3 0.011 2.
1.5 0.08 14.
1.7 0.07 21.2
1.9 0.09 6.4

abck 0.06 4.4
FN 0.004 0.4
α 0.009 31.

Table 10.6: Cross section errors associated to the Q2 discrepancies. The abck, FN

and α are dimensionless variables.
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Figure 10.8: 1-track kinematic distributions comparing data and the MC before
(red) after (black) the tunning, using parameters obtained in linear fit. See text
for details.
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Ebin
ν MC Flux(%) Detector Interaction Nuclear Q2

(GeV) statistics(%) respesponse(%) Model(%) Model(%) discrepancy(%)

0.3 43.3 66.67 113.9 203.22 39.16 400
0.5 10.9 36.36 21.8 37.97 28.07 100
0.7 1.3 10.42 2.9 2.33 3.41 2.71
0.9 0.8 9.62 2.5 2.18 2.64 0.38
1.1 0.9 8.62 3.6 1.81 1.77 0.34
1.3 1.3 12.73 5.1 2.03 1.93 2
1.5 2.5 21.05 15.6 2.6 2.17 14.04
1.7 12.1 42.42 98.4 6.7 12.55 21.21
1.9 5.0 28.57 35.8 5.76 4.17 6.43

abck 0.8 8.03 3.6 13.93 4.18 4.38
FN 0.9 8.86 2.5 2.27 2.37 0.39
α >0.0001 3.1 22.9 11.6 12.65 31.03

Table 10.7: Summary table with the relative errors for all the systematic variations.
The relative error corresponds to the higher relative error between positive and
negative variation. In black, the dominant sytematic error.
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Chapter 11

Results and discussion

11.1 Results

In the νµ-CCQE reaction (νµ +n→ µ−+p), the neutrino interacts with a neutron.

Since our target is mainly Carbon (CH), a factor 13/6 transforms the values to

cross section per neutron. Figure 11.2 shows the SciBooNE results of the absolute

νµ-CCQE cross section as a function of the neutrino energy (for tabulated numbers

see 11.2). Data include statistics plus systematic errors. The SciBooNE results are

in agreement with the NEUT predictions.

The cross section values at intermediate energies (from 0.6 to 1.6 GeV) are

dominated by the flux systematic errors. At low and high energies, the cross section

values are characterized by large errors in comparison with intermediate energy

values. These errors are in part dominated by large systematics uncertainties

produced because of the low statistics associated to the high error correlation (see

section 10.2).

The cross section measurement is integrated over the wholeQ2 region. However,

our event selection covers low Q2 regions (see fig 11.1), consequence of the detector

geometry and the way in which the muon has been tagged (see section 8.1). The

SciBooNE Q2 area shown in figure 11.1 is defined by the maximum Q2 value at

each neutrino energy. This value is obtained when taking the 90% of the area in a

Q2
true distribution for each neutrino true energy bin and using our CCQE sample

selection.

At low Q2 region, the MC does not predict correctly the data, observing a data
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Figure 11.1: Range of Q2
true values as function of the neutrino energy in our sample

(blue area) compared with the theoretical predictions (blue area).

deficit for Q2 values below 0.2 GeV 2. This observation is specially evident in our

data and has required a systematic evaluation (see section 10.7). This is a well

known problem[77] related to modeling the nuclear effects.

The Fermi gas model (FG) is the nuclear model used to describe nuclear effects

in neutrino-nucleon interactions. However, this model is simplistic and then limited

to describe more realistic effects. Nowadays, several theoretical nuclear models

include more sophisticated nuclear effects1(see latest discussions from NuInt09[78]).

When more realistic nuclear effects are included, the predicted cross section takes

smaller values compared with the FG. This may explain the low cross section

value observed at the energy bin 0.5 GeV (see appendix G for additional check).

At this energy, the associated Q2 range is less than 0.2 GeV 2 (see fig. 11.1), where

nuclear effects get special relevance. Even though, this value is still compatible

with theoretical predictions in 2σ.

Since the total cross section may behaves different at integrated low Q2 regions,

where the measurement can be more sensitive to nuclear structure, the most

1Sophisticated nuclear models consider bound nucleons, with discrete energies in a many-body
interaction framework.
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appropiate way is to express the results as the cross section value per neutrino

energy bin and associated with a Q2 range, denoted by the maximum Q2 value2,

as table 11.1 shows.

< Eν > σDATA
CCQE Q2

max

GeV 10−38cm2/neutron (GeV 2)

0.3 0.7 0.075
0.5 0.23 0.175
0.7 1.05 0.275
0.9 1.12 0.4
1.1 1.26 0.5
1.3 1.20 0.6
1.5 1.23 0.725
1.7 0.7 0.85
1.9 3.1 0.925

Table 11.1: Cross section values at different neutrino energies and associated with
its a Q2 range, denoted by the maximum Q2 value (see text for details).

11.2 Comparison with other experiments

The SciBooNE results have been compared with the recent cross section

measurement obtained at the MiniBooNE experiment[79]. Both experiments

use the same nuclear target and share the neutrino flux, although the angular

acceptance is different. MiniBooNE is placed at 500 meters from the nuclear target

and measures muons in all directions due to the detector geometry. SciBooNE is

at only 100 meters from the nuclear target and mainly measures forward muons.

The MiniBooNE experiment have measured the double differential CCQE

cross section (dσ/dTµdcosθµ) but single differential and absolute cross section are

also reported. The absolute cross section has been calculated by an ”unfolding”

process[80] to associate reconstructed and true neutrino energies. Figure 11.3 shows

the SciBooNE results in comparison with the MiniBooNE measurement. Note that,

at intermediate energies, the SciBooNE results are systematically around 8% lower

2This value is obtained when taking the 90% of the area in a Q2

true distribution for each neutrino
true energy bin and using our CCQE sample selection.
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< Eν > σDATA
CCQE stat. sys.upper sys. lower

GeV 10−38cm2/neutron

0.3 0.7 1.1 +3. -3.
0.5 0.23 0.11 +0.3 -0.3
0.7 1.05 0.04 +0.13 -0.11
0.9 1.12 0.04 +0.11 -0.11
1.1 1.26 0.04 +0.13 -0.13
1.3 1.20 0.07 +0.15 -0.17
1.5 1.23 0.15 +0.4 -0.3
1.7 0.7 0.4 +0.9 -0.9
1.9 3.1 0.9 +1.5 -1.3

Fit param. value stat. sys.upper sys. lower

abck 1.37 0.07 +0.16 -0.16
FN 1.016 0.004 +0.10 -0.09
α 0.029 0.007 +0.012 -0.012

Table 11.2: Values of the absolute CCQE cross section per neutron with statistics
and systematic errors (upper table). Values of other fit parameters with statistics
and systematic errors (lower table).

than the MiniBooNE cross section but still compatible within the errors. Several

reasons could explain such differences:

1. The CCπ prediction and detection. The π production and absorption is

differently simulated using NEUT or NUANCE, neutrino generators for

SciBooNE and MiniBooNE, respectively. The π detection is different in both

experiments. SciBooNE distinguish (µ + p) from (µ + π) events, although

both are taken for the fit. MiniBooNE detects directly the Cherenkov light

produced by the π.

2. The nuclear effects, dominant at lowQ2 regions, can modify the reconstructed

quantities affecting the measurement of the cross section. Although both

experiments are affected by these effects, the SciBooNE data populates

mainly low Q2 regions (see fig. 11.1) in comparison with MiniBooNE (see

ref.[79]), due to its forward acceptance.

The SciBooNE data have been compared with the NOMAD results published
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in 2009[81]. Both experiments scatter off neutrinos with Carbon, although the

NOMAD neutrino energy spectrum is much higher than the SciBooNE one, see

figure 11.4. The SciBooNE results seems to be slightly higher than the ones

obtained in the NOMAD experiment. At high energies, the nuclear effects are

negligible, so differences between experiments could be due to those effects.

The SciBooNE measurement has been compared with deuterium target

experiments as an additional cross check. Figure 11.5 shows the SciBooNE results

compared with BNL[42] and ANL[43] deuterium experiments. The SciBooNE

results are compatible with both the ANL and BNL experiments. Note that

the ANL and BNL measurements are free of nuclear effects. The fact that

the SciBooNE results are compatible with deuterium cross section indicates that

neutrino cross section in bound nucleons targets can be expressed as cross section

per free nucleon times a conversion factor. This statement is only valid with current

systematic errors (a 12% level at intermediate energies).

11.3 Future prospects

The precision of the measurement of the absolute CCQE cross section is limited

by the systematic uncertainties. The dominant systematic source is different at

different neutrino energies. At intermediate energies (0.6 to 1.6 GeV), the errors

associated to neutrino flux predictions become dominant, with a relative error

around 12% of the measurement. The flux uncertainties mainly come from the

prediction of the π+-production, as described section 10.3. This analysis has used

the Sanford-Wang parameterization[61] model combined with HARP[45] results to

predict the π+-production. However, a new method called spline fit[82], together

with HARP results, is able to reduce the π+-production uncertainty from 14% to

5% [83]. This method would improve the cross section precision at intermediate

energies.

The low and high neutrino energy regions, below 0.6 GeV and above 1.6 GeV,

can be statistically populated using additional samples. At high energies, the

muon-penetrating sample could be added, although flux errors at high energies are

even higher (see plot 10.3). For such a reason, we would not expect significant

improvement in the cross section measurement.

The low energies can be statistically populated using the SciBar-contained
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analysis. This analysis is based on selecting CCQE events completely contained in

SciBar, that is, low neutrino energy events. We have already started to work with

the two analyzes together (called combined analysis). The first preliminary results

of the absolute neutrino cross section, with the combined analysis, are shown in

figure 11.6. As expected, the cross section does not change significantly, with

respect to the cross section using only SciBar-MRD analysis, at the energy region

above 0.6 GeV. However, at low neutrino energies, the data is in better agreement,

at the statistical level, with the predictions. Even though, the value at the energy

bin 0.5 GeV is still below the theoretical predictions, supporting the arguments

expossed above.
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Figure 11.2: SciBooNE νµ-CCQE absolute cross section per neutron. Data include
statistics plus systematic errors. Top panel shows the whole SciBooNE data,
bottom panel only the intermediate energy points.
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Figure 11.3: SciBooNE νµ-CCQE absolute cross section per neutron compared
with MiniBooNE results. Left plot shows the whole SciBooNE data, right plot
only the intermediate energy points.
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Conclusions

A total of 18128 events have been selected from the SciBooNE νµ-data collection.

The events are classified in one and two track events. The two track events have

been separated in µ + p and µ + π events, producing a 2-track QE and nonQE

enriched samples. The three samples, the 1-track and the 2-track QE and nonQE

enriched samples, have been used for the extraction of the CCQE absolute cross

section.

A fit method has been designed to determine the neutrino-nucleus CCQE

absolute cross section. The fit works with MC templates, built up with observable

variables (pµ and θµ). The fit procedure evaluates the true neutrino energy shape

variations between data and the MC quasi-elastic component. This information

allows to determine the data cross section through of the NEUT cross section as

reference. The fit also evaluates the background of the CCQE events, produced

mainly by CCπ interactions. The results indicate that the CCπ contamination in

the MC is under-estimated by approximately 37%.

The absolute neutrino-nucleus cross section at neutrino energies around 1 GeV

has been presented. Systematics studies have shown that, at intermediate energies

(0.6 and 1.6 GeV), the cross section values are dominated by the flux uncertainties,

representing around 12% of variation. We are now working to improve the precision

of the measurement at these energies by using the spline parameterization method

in order to reduce the flux uncertainties.

The cross section values present large errors at high and low energies. Technical

and physical reasons may explain such an errors. The technical reasons, already

exposed in section 10.2, associate low statistics with large fluctuations during the
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fit. The physical reasons are related to the integrated Q2 region where the cross

section has been measured (see fig. 11.1). The SciBooNE data is statistically

populated at low Q2 values, with more than 66% of the total event selection below

0.2 GeV 2. At low Q2 regions, the nuclear effects play an important role in the

cross section measurement. Simple nuclear models like the RFG, used in this

analysis, has demonstrated limited to describe the nuclear effects. Alternative

theoretical models present more realistic description of the nuclear effects [78].

Realistic treatment of the nuclear effects suggest smaller cross section values. Since

total neutrino cross section are then sensitive to nuclear structure, the results are

also presented as the cross section value per neutrino energy bin and associated

with a Q2 range, denoted by the maximum Q2 value (see table 11.1).

The SciBooNE and MiniBooNE measurements report the first absolute cross

section data at energies around 1 GeV since the eighties. These measurements

provide a mapping of the neutrino-nucleus interactions at low neutrino energies,

useful to neutrino oscillation experiments, where usual oscillation peak is around

0.7 GeV.

The SciBooNE cross section data represent an input for testing more

sophisticated theoretical nuclear models[84], although double differential cross

section (dσ/dPµdcosθµ) are preferred because of less model dependence.

Neutrino-nucleus interactions with different nuclear targets will also provide

additional information of the nuclear structure. This is the case of Minerva

experiment[49], which will take data using C, Pb, Fe and He targets.

Large data taking and alternative detector techniques to reduce detector

inefficiencies are essential to get more accurate cross section measurements. The

T2K experiment[48] satisfies both requisites. The near T2K detector, called

ND280, combines segmented detectors with time projection chambers inside of

a magnetic field. The muon momentum will be accurately measured within the

TPCs, with capabilities of track separation and identification. In addition, the

off-axis idea will report a narrow neutrino energy spectrum peaked at 0.7 GeV,

with more than 3×105 CCQE events expected in the near detector (corresponding

to 5 × 1021 POT).
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Appendix A

Weak Isospin and hipercharge

In the nuclear interpretation, the isospin quantum number arises because the

nucleon may be wiewed as having an internal degree of freedom with two allowed

states (proton and neutron), so the nuclear interaction does not distinguish. Such

interpretation can be matematically described by the isospin symmetry group

SU(2) in which (n,p) form the fundamental representation. Thus, the isospin

wavefunction of the nucleon can be expressed as two-component matrix:

N =

(

p

n

)

, (A.1)

where neutron and proton are the different states of the nucleon, represented as:

p =

(

1

0

)

, n =

(

0

1

)

. (A.2)

In the isospin space, the proton and neutron can be identified as isospin-up and

isospin-down states of the nucleon.

Analogous to the nuclear case, the weak interaction does not distinguish

between leptons (e,nu) or quarks (q,q’), so a weak isospin can describe the different

states of the same wavefuntion:

L =

(

νl

l

)

L

,

(

q

q′

)

. (A.3)
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Here, one can define left-handed fields that transform as SU(2)L doublets.

However, the right-handed partners just transforms as singlets because neutrinos

are only left-handed spin polirized.

The weak hypercharge (Y) is a quantum number, associated with the symmetry

group U(1), that relates the electric charged (Q, in units of e) and the third

component of isospin (I3):

Q = I3 +
1

2
Y. (A.4)
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Appendix B

Deduction of general expression

for the cross section

Given the following reaction:

A C

B D

A +B → C +D

pA

pB pD

pC

, the cross section of A+B → C +D scattering is defined as follows:

Cross section =
Wfi

initial flux
(number of final states), (B.1)

where Wfi is the transition rate. Such quantity defines the probability of a particle

to change from an initial state i to a final state f. The expression is written as

follows[22]:
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p1 p2

p′2

p′1

(1) Laboratory frame

p2

(2) Center mass frame

p1

p′1

p′2

Figure B.1: Laboratory frame collition and center of mass frame collition.

Wfi = (2π)2
δ4(pC + pD − pA − pB)|M|2

V 4
, (B.2)

where M is defined as the invariant amplitud and V is the volume occupied by the

particles.

The number of final states in a volume V with momenta in element d3p to be

V 3p/(2π)3. However, one have 2E particles1 V and then,

Number final states/particle =
V d3p

(2π)32E
. (B.3)

For C and D particles scattered into the momentum elements d3pC , d
3pD,

number of final states =
V d3pC

(2π)32EC

V d3pD

(2π)32ED

. (B.4)

The initial flux can be easily calculated by cnsidering the laboratory frame. The

number of beam particles passing through unit area per unit time is vA2EA/V ,

and the number of target particles per unit volume is 2EB/V . To obtain a

normalization-independet measure of the ingoing density, we take the flux as

follows:

Initial flux = |va|
2EA

V

2EB

V
. (B.5)

1For a free particle with an associated wavefunction φ = Ne−ip·x, the probability density is
described as ρ = 2E|N |2. Then, the number of particles in a volume V is just the integration
over the probability density, which results 2E if we adopt the normalization N = 1/

√
V .
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Inserting X, Y and Z into W, we arrive to the differential cross section dσ for

scattering into d3pCd
3pD:

dσ =
1

|vA|2EA2EB

|M|2δ4(pC + (pD − pA − pB)
(2π)4

(2π)4

V d3pC

(2π)32EC

V d3pD

(2π)32ED

. (B.6)

The differential cross section in the symbolic form can be writte as follows:

dσ =
|M|2
F

dLips, (B.7)

where dLips and F represent the Lorentz invariant phase space factor and the

flux respectively. The dLips expression is written as follows:

dLips = (2π)4δ4(pC + pD − pA − pB)
d3pC

(2π)32EC

d3pD

(2π)32ED

, (B.8)

and can be generalized for N ingoing and outgoing scatter particles in the way:

dLips = (2π)4δ
(∑

p′f −
∑

pi

)∏ d3p′f
(2π)32E ′

f

. (B.9)

The flux (F), for a general collinear collision between A and B, results

F = |vA − vB| · 2EA · 2EB = 4(pAEB + pBEA), (B.10)

where vi = pi/Ei correspond to the relative velocity of the particles i.

Since the dLips is an invariant, the most convenient frame can be selected.

Working in the center of mass frame (CM), the dLips is written as follows:

dLips =
1

4(2π)E ′
1E

′
2

δ(E ′
1 + E ′

2 −
√
s)δ3(p̄′1 + p̄′2)d

3p′1d
3p′2 (B.11)

=
1

4(2π)E ′
1E

′
2

δ(E ′
1 + E ′

2 −
√
s)d3p′1, (B.12)

where
√
s = (E1 + E2) is a Mandeltam variable, and p1 + p2 = 0 in the CM. On

the other hand,

d3p′1 = |p′1|dp′1dΩCM (B.13)
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where dω is de differential solid angle. dp′1 can be evaluated taking into account

that,

∫

dxδ(f(x)) =
∑

i

|f ′(xi)|−1 (B.14)

and
∂

∂|p′1|
(E ′

1 + E ′
2 −

√
s) =

|p′1|
√
s

E ′
1E

′
2

. (B.15)

thus, the invariant Lorentz factor is written

dLips =
|p′1|

16π2
√
s
dΩCM . (B.16)

Finally, taking the expression of the flux in the CM (4|p1|
√
s), the differential

cross section per solid angle in the center of mass frame is written as follows:

dσ

dΩCM
=

1

64π2s

|p′1|
|p1|

|M|2. (B.17)

Using the Lorentz invariant variable

Q2 = t = m2

1 +m2

1 − 2E1E
′
1 + 2|p1||p′1|cosθ.

dQ2 = dt = 2|p1||p′1|cosθ

= 2|p1||p′1|
dΩCM

2π
,

the cross section can be expressed as follows:

dσ

dQ2
=

1

64π2s

1

|p2
1,CM | |M|2 (B.18)

or in the laboratory frame:

dσ

dQ2
=

1

64π2m2
2

1

|p2
1,lab|

|M|2. (B.19)



165

Appendix C

Dipole Form Factor

In the scattering theory, the observables from scattering experiments can be

interpreted as a Fourier transformation of the charge distribution of the scattering

body[83]. Suppose for instance, an electron elastic experiment in which the

scattering body is an atom. The procedure is to measure the anglular distribution

of the scattered electrons and compare it to the cross section for scattering electrons

from a point-like charge,

dσ

dΩ
=
dσ

dΩpoint
|F (q)|2, (C.1)

where q is the momentum transfer between the incident electron and the target.

If one considers a scattering of the unpolarized electrons of energy E from a static,

spinless charge distribution Zeρ(x), normalized in the way

∫

ρ(x)d3x = 1, (C.2)

for a static target, it is found that the form factor in C.1 is just the Fourier

transformation of the charge distribution,

F (q) =

∫

ρ(x)eiq·xd3x. (C.3)

By the normalization condition, F(0)=1. If the momentum transfer is not too

large, we can expand the exponential, giving the result
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F (q) =

∫ (

1 + iq · x− (q · x)2

2
+ ....

)

ρd3x (C.4)

= 1 − 1

6
|q|2 < r2 > +...., (C.5)

where the charge distribution (ρ) is assumed to be spherically symmetric (only

function o r ≡ |x|). Therefore, the scattering angle is just measuring the square

radious of the charged cloud aroud the atom. However this argument only works

for low |q|, where the wavelength associated to the propagator (1/|q|) is larger or

of the same order than the charge cloud radius.

If now the charge distribution has an exponential form,

ρ(r) = ρ(0)e−Mr, (C.6)

where M is the mass of the scattering body, the form factor results

F (|q|) ∝
(

1 − |q|2
M2

)−2

, (C.7)

that is, the form factor adopts the dipole form. Once again, this result is an

approximation valid for low momentum transfer (|q| ≤ M). For momentum

transfer of the order of the mass of the target, not only the internal structure

of the scattering body, but also the dynamical effects contribute to the form factor

and the interpretation is more complicated[85].

When the target is a proton or a neutron, not only the charge distribution but

also the magnetic moment must be included within the form factors. In a most

realistic case, the target is not static but will recoil particle’s bombardment. So in

these cases, and assuming always low momentum transfer, the nucleon structure

should be described by two form factors, one associated to the charged density

(GE) and another with the magnetic moment (GM)[31][32].
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Appendix D

Fake data studies

The fit method has been tested using the MC as data, so called fake data. With

such an assumption, the minimization function should return fit parameters values

equal to the unity.

The MC used in this fake data studies corresponds to the MC obtained after

the CCQE selection cut. The fit method has been executed N=1000 times. In each

iteration, a different fake data sample has been produced. The fake data sample

production is based on adding different seeds to each MC event that is distributed

randomly according to Poisson statistics. So each iteraction represents a different

data configuration. Therefore, in each iteraction a set of fit parameters is obtained.

Same conditions than those used with real data has been used, that is, a0 and a4

has been fixed to one. Figures D.1 and D.2 show the statistic fluctuations for

each fit parameter1 corresponding to 995 iterations. Notice that in all cases the

fluctuations are peaked to one, except for the α parameter that, as expected, is

peaked to cero.

The N-iteractions can then produce N-cross section values. The mean of the

cross section value for each neutrino energy bin is shown in figure D.3. Statistical

errors are associated to the fake data statistics. Notice a good agreement between

fake data and MC, confirming the robustness of the fit.

1The statistics correspond to 995 events because 5 iterations failure due to convergence problem.
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Figure D.1: Statistical fluctuations of the fit parameters corresponding to N=995
iterations of the fit process.
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Figure D.2: Statistical fluctuations of the fit parameters corresponding to N=995
iterations of the fit process.
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Appendix E

POT normalization

When the Monte Carlo is normalized to the number of protons on target (POT)

from data, a factor slightly higher than one appears as table E.1 shows. This factor

is related to the the uncertainties associated to the cross section predictions.

Sample Data/MC Data/MC
POT Norm. SciBar-MRD Norm

1-track 1.12 1.02
2-track QE 1.18 1.07
2-track nonQE 1.28 1.17

Table E.1: Data/MC ratios for different samples using the POT and the
SciBar-MRD normalization factors.

The kinematics of the 1-track and 2-track QE and nonQE samples, with MC

normalized to POT, are shown in figures E.2,E.3 and E.4. The color code is shown

in figure E.1.



172 CHAPTER E. POT normalization

Figure E.1: Color code for MC interaction channels usig NEUT.
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Figure E.2: Muon (Pµ, θµ) and event (Eν , Q
2) kinematic distributions for 1-track

sample. Right hand plots shows data/MC ratio of each distribution. MC is
normalized to POT.
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Figure E.3: Muon (Pµ, θµ) and event (Eν , Q
2) kinematic distributions for 2-track

QE enriched sample. Right hand plots shows data/MC ratio of each distribution.
MC is normalized to POT.
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Figure E.4: Muon (Pµ, θµ) and event (Eν , Q
2) kinematic distributions for 2-track

nonQE enriched sample. Right hand plots shows data/MC ratio of each
distribution. MC is normalized to POT.
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Appendix F

The kinematic cut ∆Θp

The ∆Θp is a kinematic cut used in CCQE analysis to distinguish between the

CCπ and CCQE interactions. The ∆Θp is the angle between the predicted and

the observed proton. The predicted proton angle is calculated assuming CCQE

kinematics.

Figure F.1 shows the ∆Θp distribution for the 2-track enriched QE sample using

NEUT MC. A high data/MC disagreement is observed for ∆Θp < 20 degrees. This

data disagreement could be related with the data defficit observed at low Q2
rec

region in the 2-track QE sample. However, ∆Θp distribution takes even higher

data/MC discrepancies using NUANCE, as figure F.2 shows. The reason is that

NUANCE CCπ predicted fraction is higher than in NEUT.

The optimal cut to reject CCπ events is around 25 degrees. However, the

resultant CCQE selection after this cut, containing the events below 28 degrees,

suffers from high data defficit in comparison with MC. That fact could bias the

CCQE cross section measurement during the data/MC fits. For such a reason this

cut has not been included in the analysis.
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Figure F.1: ∆Θp distribution for the 2-track enriched QE sample using NEUT MC.
The MC is SciBar-MRD normalized.

Figure F.2: ∆Θp distribution for the 2-track enriched QE sample using NUANCE
MC. The MC is SciBar-MRD normalized.
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Appendix G

Neutrino-nucleus cross section at

high Q2 region

The sample selection from the SciBooNE data populates low Q2 regions, with

more than 66% of the total event selection below 0.2 GeV 2. At low Q2 region,

the modeling of the nuclear effects become relevant. Figure G.1 shows the cross

section considering high Q2 values, i.e., excluding events with Q2 < 0.15 GeV 2.

Note that, the nominal cross section (red dots) takes lower values compared with

the cross section at high Q2 region (blue dots). Both cross section only shows

statistical errors. This behavior may be explained by the fact that more realistic

nuclear effects trend to modify the cross section to lower values.
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shown.


